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EDITORIAL 


Fast horses 


hose who know me well appreciate my passion 
for fast horses—those with spirit and stamina, 
as well as speed. And thus I devote my final 
words as editor-in-chief of the Science journals 
to the incredible team of thoroughbreds who 
accomplished more in a short time than I ever 
thought was possible. The changes that have 
come to the publishing enterprise at the American As- 
sociation for the Advance- 
ment of Science (AAAS, the 
publisher of Science jour- 
nals) have touched all fac- 
ets of what we do and how 
we deliver it to our readers. 

In the past 3 years, Sci- 
ence has doubled the size 
of its portfolio from three 
to six journals. Science Ad- 
vances, our first foray into 
open-access publishing, is 
already into its second year 
and reaching a broad audi- 
ence with premier content. 
Science Immunology will 
publish its first issue next 
month, and Science Robot- 
ics is open for submissions. 
I am grateful to two Chief 
Executive Officers (Alan 
Leshner and now Rush 
Holt), two past Publish- 
ers and one current one 
(Beth Rosner, Kent Anderson, and now Bill Moran), 
and the AAAS Board of Directors for supporting these 
new projects. The success of these ventures would not 
have been possible, however, without the dedication of 
the Science editors, who worked overtime to set up the 
processes and procedures for the new journals, helped 
select the new staff, and recruited quality content for 
these publications. 

Next, kudos to Rob Covey, Chief Digital Media Offi- 
cer, and the digital media team for the redesign of the 
print journal (a blazing sprint!) and launching a more 
responsive web version of Science journals (more an en- 
durance trial than a derby). Rob’s team populated the 
new design with beautiful covers, photos, and videos. 
They have demonstrated that multimedia can drive 
traffic to articles and communicate the research story 
in new, compelling ways. 

Finally, all of us at Science have been on a crusade 


“..be sure to let those 
fast horses run.” 


for the past 3 years to raise the standards for trans- 
parency and reproducibility in research, publishing a 
series of editorials, policy pieces, and research articles 
on this topic. Our special partners have been the Laura 
and John Arnold Foundation, the Center for Open Sci- 
ence, and many top publishers and funding agencies. 
The American Statistical Association helped us create a 
special Statistical Board of Reviewing Editors (S-BoRE) 
that is now being expanded 
to serve all Science journals. 
We _ recently announced 
our implementation of the 
Transparency and Open- 
ness Promotion (TOP) 
guidelines, effective 1 Janu- 
ary 2017. Our terrific News 
team at Science, led by Tim 
Appenzeller, has worked to 
ferret out and bring to light 
questionable practices in 
scientific publishing, such 
as paper brokers selling au- 
thorships, institutions offer- 
ing bounties for publishing 
in high-impact journals, and 
publishers forgoing prom- 
ised peer-review services. 
Our new product, PRE (Peer 
Review Evaluation), gives 
readers greater insight into 
the peer-review process for 
each article published. 

After such a wild ride, it was with some trepidation 
that I awaited the outcome of the search for my succes- 
sor as editor-in-chief of the Science journals. The new 
journals still need a champion. The quest to improve 
the transparency and reproducibility of research and to 
remove any bias in access to scientific resources contin- 
ues. Would the new editor care about these matters as 
much as I have? 

I am most pleased to say that the search committee, 
led by former AAAS Board chair Gerry Fink, has chosen 
very wisely. Professor Jeremy Berg is a superb pick to 
take the reins of the Science journals. He is highly re- 
spected and thoughtful, cares about what is important, 
commands an exceptionally broad view of science, and 
is a very quick study. 

So hold on and enjoy the ride, Jeremy. And be sure to 
let those fast horses run. 

- Marcia McNutt 


Marcia McNutt 
Editor-in-Chief 
Science Journals 
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Fusion laser may never ignite 


NIF’s preamplifiers increase the energy of laser beams aimed at the target chamber. 


n independent report on the progress of fusion research at the 
$3.5 billion National Ignition Facility (NIF) at Lawrence Livermore 
National Laboratory in California suggests that the titular goal— 
attaining ignition, a self-sustaining fusion burn that produces 
excess energy—may not be achievable. NIF, which uses lasers to 
heat and compress capsules of hydrogen isotopes until they fuse 
and release energy, has struggled to live up to its name since its open- 
ing in 2009. After a concerted effort to reach the goal between 2010 and 
2012 failed to deliver, researchers turned to understanding the physics of 
the compressed fusion fuel, as well as to studying the physics of nuclear 
weapons as part of the Stockpile Stewardship Program. The May report, 
which was sponsored by the Department of Energy and first described 
in Physics Today, marks the end of that 3-year campaign. It suggests 
research should now shift from identifying the obstacles in the path to 
ignition to investigating whether ignition is even possible. “The question 
is ifthe NIF will be able to reach ignition in its current configuration and 
not when it will occur,’ the report says. http://scim.ag/NIFignite 
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&& We could map the entire deep oceans for 


$3 billion—no more than a single Mars mission. 99 
Oceanographer Larry Mayer of the University of New Hampshire, Durham, to BBC 
News about calls from a group called General Bathymetric Chart of the Oceans for 
a“NASA-style” effort to map the entire sea floor; only 5% has been mapped to date. 


AROUND THE WORLD 
Climate change claims mammal 


QUEENSLAND STATE, IN AUSTRALIA | 

A tiny rodent known as the Bramble Cay 
melomys (Melomys rubicola) has the dubi- 
ous distinction of being the first mammal 

to go extinct because of human-caused 
climate change, Australian scientists say. The 
melomys’s entire habitat was a 4-hectare spit 
of land in east Torres Strait in Queensland, 
near the northern end of the Great Barrier 
Reef, which has been subject to encroaching 
sea level. The last reported sighting of the 
animal was in 2009; an “exhaustive” survey 
effort in 2014 failed to discover a single one, 
“confirming that the only known population 
of this rodent is now extinct,’ the research- 
ers stated in their report last week to the 
Queensland Department of Environment 
and Heritage Protection. However, they 
noted, there is a chance that a previously 
unknown population of the species, or a 
close relative, persists in the largely unsur- 
veyed Fly River delta of Papua New Guinea. 


Human CRISPR trial proposed 


BETHESDA, MARYLAND | Researchers have 
for the first time asked to use the gene- 
editing tool CRISPR to modify genes in 
people. A University of Pennsylvania team 
this week discussed their proposal to use 
CRISPR to engineer immune cells to fight 
cancer before the U.S. Recombinant DNA 
Advisory Committee (RAC) at the National 
Institutes of Health, which reviews the 
safety of gene therapy research. Gene edit- 
ing has already been used to modify the 
same type of immune cells, called T cells, 
in patients with HIV and leukemia. But the 
trial could be the first clinical application 
of CRISPR, the easiest gene-editing method 
to date. The study would be funded by the 
$250 million Parker Institute for Cancer 
Immunotherapy, launched in April by tech 
entrepreneur Sean Parker. RAC approved 
the study, which must now undergo formal 
regulatory review. http://scim.ag/CRISPRtrial 


Stretching yellow fever vaccine 


GENEVA, SWITZERLAND | An expert panel 
at the World Health Organization (WHO) 
says lower doses of yellow fever vaccine 
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Anew art installation shows the human brain in intricate detail, including this closeup of the cerebellum. 


‘A brief moment of wonder’ 


he Franklin Institute in Philadelphia, Pennsylvania, is now 
home to what may be the most detailed piece of brain art 
ever made. The image, a 2.4-by-3.7-meter illustration of a 
slice through the human brain, shows more than 500,000 
individual neurons. Its appearance changes as visitors walk 
around the installation because microscopic waves etched into 
the polymer surface, which was then coated with gold leaf, only 
reflect light from certain angles. An LED light source will illuminate 


can be used in an emergency. The 
Strategic Advisory Group of Experts on 
Immunization found sufficient evidence 
that a dose of 0.1 milliliters (ml) instead 
of the usual 0.5 ml would still protect 
people from the disease for at least 

12 months. Massive vaccination cam- 
paigns targeting millions of people 
depleted global stocks earlier this year, 
although the stock has since been replen- 
ished (Science, 27 May, p. 1036). However, 
“WHO and partners are seriously 
considering the use of this dose-sparing 
strategy” because the continuing trans- 
mission of the mosquito-borne virus in 
Angola and in the Democratic Republic 
of the Congo, as well as the risk of 
spread to other countries, could quickly 
outpace the world’s ability to produce 
the vaccine, says Jon Abramson, chair of 
the expert group. The lower dose is not 
being recommended for routine vaccina- 
tion because it is not clear whether it 
will confer lifelong immunity. 
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Tracking the Slovenian dragon 


FAYETTEVILLE, ARKANSAS | The blind cave 
salamander Proteus anguinus lives in under- 
ground aquifers in Slovenia, surfacing only 
when floodwaters sweep it from its lair. At 
30 centimeters long, it is the world’s largest 
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Scientists use environmental DNA to map this salamander’s lairs. 
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different parts of the image at different times to mimic the flow 

of electrical activity through the brain. The permanent installa- 
tion, which opens 25 June, is the result of a 2-year collaboration 
between Greg Dunn, a local neuroscientist-turned-artist, and Brian 
Edwards, an applied physicist at the University of Pennsylvania. 
The work, funded by a $261,000 grant from the National Science 
Foundation, is grounded in science, Dunn says. “But what it’s really 
about is giving people a brief moment of wonder.” 


cave animal—but it’s rarely seen. Now, 
molecular biologists have a new way to track 
this elusive “dragon”: a probe that detects 
the animal’s DNA in springs. In a forensic 
technique borrowed from law enforcement, 
the probe sorts through “environmental 

DNA’ from skin cells, hair, or other cells 
released into the environment— 
to monitor animals that live 
where humans can’t go. By 
providing information on how 
big or widespread the salaman- 
der populations are, the probe, 
described last week at the 2016 
International Conference on 
Subterranean Biology here, 
opens up new possibilities for 
protecting the salamander. Early 
data are also providing tantaliz- 
ing evidence that a rare black 
subspecies of the typically 
white creature might actually 
be a separate species. 
http://scim.ag/dragonDNA 
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HIGH-PERFORMANCE COMPUTING 


China overtakes U.S. supercomputing lead 


A new machine propels China to first place in combined supercomputing power 


By Robert F. Service 


hina has claimed two computing 

crowns. A new supercomputer at 

China’s National Supercomputing 

Center in Wuxi in Jiangsu province 

has snagged the top spot on the latest 

TOP500 list of supercomputers, which 
was unveiled earlier this week at the 2016 
International Supercomputing Conference 
in Frankfurt, Germany. The new machine, 
known as the Sunway TaihuLight, has a 
peak performance of 93 petaflop per second 
(Pflop/s), or 93 quadrillion calculations per 
second. That’s nearly three times the perfor- 
mance of its closest competitor, Tianhe-2, 
another Chinese supercomputer, and nearly 
2 million times faster than a standard lap- 
top. More important, for the first time 
China has overtaken the United States as 
the country with the largest installed super- 
computing capacity. 

“Were seeing an inflection point,’ says 
Horst Simon, a supercomputing expert and 
deputy director of the Lawrence Berkeley 
National Laboratory in Berkeley, California. 
Simon and a few other supercomputer ex- 
perts update the TOP500 list twice a year to 
track trends in their field. Countries other 
than the United States have previously 
claimed the top spot for an individual ma- 
chine’s performance, but this is the first time 
another country has eclipsed the United 
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States in total supercomputing power. 
“We've seen this trend building for the last 
few years,’ says Wu Feng, a supercomputing 
expert at the Virginia Polytechnic Institute 
and State University in Blacksburg. “It shows 
that China is committed to a sustained invest- 
ment in high-performance computing.” 
According to the TOP500 list, China now 
has 167 of the world’s top 500 supercomput- 
ers, with a total capacity of 211 Pflop/s. The 
United States has 165 of the top machines, 
with a cumulative capacity of 173 Pflop/s. 
That’s a reversal of 
the rankings 15 years 
ago, when the United 
States had more than 
half of the world’s top 
500 supercomputers, 
Simon says. Europe’s 


Steep climb 


1,000,000 


centage that is growing fast. And Haohuan 
Fu, a supercomputer expert at Tsinghua Uni- 
versity in Beijing, says the Chinese govern- 
ment is making a concerted effort to support 
supercomputing to propel advances in every- 
thing from life sciences research to manufac- 
turing design for its companies. 

According to Jack Dongarra, a super- 
computing expert at the University of Ten- 
nessee, Knoxville, who keeps close tabs on 
international trends, China is expected to 
add another machine comparable to the 


China has rocketed from having no supercomputers in the year 2000 to leading 
the world in supercomputing power, a position it says it plans to maintain. 


share, meanwhile, has 
dropped to 105  sys- 


tems with a combined 
capacity of 115 Pflop/s. 


rc 


China’s supercomput- 


ing crown could pay 
off not just for re- 


search and engineer- 
ing, but for commerce: 


Total Performance Tflop/s 


Chinese companies 
already have a 34% 


market share in the 
global market for 0 
supercomputers, a per- 
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China’s new Sunway TaihuLight supercomputer is the 
country’s first to use only Chinese-built processors 
instead of U.S. technology. 


Sunway supercomputer either late this year 
or early in 2017. The United States, mean- 
while, isn’t expected to have one in the 
100 Pflop/s range until the end of 2017. 
The most powerful U.S. machine, ranked 
third overall, is Titan, a 17.59-Pflop/s super- 
computer at the U.S. Department of Energy’s 
(DOE’s) Oak Ridge National Laboratory 
in Tennessee. 

China is now looking to extend its lead. 
Chinese officials announced recently that 
they expect to produce their first machine 
capable of running at 1000 Pflop/s, or 
1 exaflop/s, in 2020. Such exascale machines 
should dramatically speed up a host of sci- 
entific and industrial computing tasks, such 
as modeling climate change and the activ- 
ity of the human brain, searching for new 
high-performance materials, and designing 
energy-efficient car engines. DOE, which 
heads U.S. supercomputing efforts, has said 
it doesn’t expect to build its first exascale 
supercomputer until 2023 at the earliest, a 
target that has already slipped several years. 

The Sunway machine marks a noteworthy 
step toward those goals, Dongarra says. The 
new supercomputer is powered by more than 
10.6 million processor chips, which were de- 
signed and built in China, and consumes 15.4 
megawatts (MW) of power. That means the 
Sunway machine carries out 6 billion calcu- 
lations per watt, making it the third most ef- 
ficient supercomputer ever designed. “That’s 
quite remarkable,” Simon says. “Usually the 
top systems are not at the top in efficiency.” 

Even so, simply scaling up the current 
Sunway system to exascale is impractical, 
as the resulting machine would require on 
the order of 150 MW, enough to power thou- 
sands of homes. It’s more likely, Simon says, 
that achieving the computational efficiency 
needed to get to exascale will require tech- 
nologies still under development, such as 
low-power 3D memory chips and links be- 
tween processors that pass data as light in- 
stead of electrons. 

An exascale machine could have 
payoffs beyond high-end computing. 
Although the worldwide market for super- 
computers themselves is modest—far 
smaller than sales of conventional consumer 
electronics—Simon and others note that 
supercomputing technology often trickles 
down to consumer markets. So if China’s re- 
searchers are the first to come up with the 
technology breakthroughs needed to reach 
exascale, the feat could supercharge their 
consumer electronics industry and spell 
danger for other electronics giants around 
the globe. m 
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How a ‘Godzilla’ El Nino 
shook up weather forecasts 


Departing climate event left fires, drought, and questions 


By Eli Kintisch 


rom cyclones and coral bleaching 
in the tropical Pacific to drought in 
Peru and South Africa, the El Nifo 
that ended this month drove record- 
setting weather extremes across the 
planet. What some forecasters called 
the “Godzilla” El Nifo mostly conformed to 
regional forecasts, based on past events. But 
some key aspects of the 14-month climate 
disruption flouted predictions, especially 


ting this event among the three strongest El 
Ninos ever. That heat made some impacts, 
like widespread coral bleaching in the cen- 
tral Pacific, depressingly easy to forecast. 
Oceanographer Kim Cobb of the Georgia 
Institute of Technology in Atlanta says that 
the devastation to the reef off the island na- 
tion of Kiribati, for example, “was beyond my 
worst fears.” 

High Pacific temperatures also were key 
to an Indian government forecast of a “de- 
ficient” monsoon last summer. During El 


EI Nifio veered off script in the Pacific Northwest, dumping heavy rain on Portland, Oregon, in December 2015. 


along the U.S. West Coast, where parched 
Southern California—usually a beneficiary of 
El Nifos—remained largely dry while storms 
battered the Pacific Northwest. 

That’s spurring introspection among atmo- 
spheric scientists—and a flurry of manu- 
scripts as the community tries to improve 
forecasts for the next time El Nifo rears its 
head. “Every El Nifo is different, and we're 
hoping we can learn from this one to im- 
prove our models,” says Jon Gottschalck, a 
forecaster with the National Oceanic and 
Atmospheric Administration (NOAA) in Col- 
lege Park, Maryland. 

Heat sloshing from the western tropical 
Pacific to the chillier eastern side, off South 
America, is El Nifio’s main driver. This time, 
temperatures in the central tropical Pacific 
rose as much as 3°C above average, put- 
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Ninos, atmospheric convection over the 
Western Pacific often weakens, robbing the 
monsoon of its energy. For scientists under 
intense pressure not to scare the public, that 
forecast “took a lot of courage and convic- 
tion,” says Rupa Kumar Kolli, a meteorologist 
at the World Meteorological Organization in 
Geneva, Switzerland. It was correct: Last 
summer drought and wildfires spread across 
India, Southeast Asia, and Indonesia. 

But on the U.S. West Coast, other factors 
intervened to stymie forecasters. There, mod- 
els had suggested that this event would play 
out like previous large El Ninos. As abnormal 
heat drives convection and rainfall in the 
eastern Pacific, the jet stream usually pushes 
that moisture toward southern California. 
There, it fuels storms that quench the state’s 
perennial thirst, while the northern West 
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Coast grows drier. Last fall, using models 
trained with that historical tendency, NOAA 
forecasters put the chance of increased win- 
ter precipitation over southern California at 
60%. Instead the region experienced a fourth 
straight year of dry conditions. 

In the Pacific Northwest, meanwhile, the 
El Nifio started as expected last summer and 
fall, with heat that brought drought to farm- 
ers and ranchers. But then it confounded 
meteorologists, contributing to heavy winter 
precipitation that delivered both misery, like 
flooding and snow-clogged roads, and joy. 
“All this moisture has been kind of a happy 
surprise,’ acknowledged Washington state 
climatologist Nick Bond at the time. “Cer- 
tainly our snowpack is in good shape.” Heavy 
rains in northern California also refilled res- 
ervoirs that send water south, bringing some 
relief to the southern part of the state. 

Why did the El Nifio dump precipitation 
so far from its usual target? Daniel Swain, 
a climate scientist at Stanford University in 
Palo Alto, California, points to the Pacific sub- 
tropics north of the equator. At least partly 
because of global warming, waters there were 
“drastically, drastically” warmer than during 
past whopper El Nifios in 1982 and 1997. The 
jet stream’s position is determined by north- 
south temperature differences, his thinking 
goes, so as the ocean warming extended 
northward, the jet settled into a more north- 
erly track. That could have driven storms far 
north of their usual El Nifio position. 

Another unusual aspect of Godzilla could 
have played a role as well, says Michael 
Ventrice, a meteorologist with the Weather 
Company in Metuchen, New Jersey. Dur- 
ing this El Nifio, the warmest water and 
strongest convection occurred hundreds of 
kilometers farther west along the equator 
than in other El Nifios. A similar pattern 
characterized an El Nifio episode in 1992, 
when the jet stream also veered northward. 
Gottschalck, of NOAA, wonders whether the 
anomalous West Coast rainfall might also 
reflect the Madden-Julian Oscillation (MJO), 
a weather phenomenon that alters rain in 
an eastern progression around the global 
tropics (Science, 2 October 2015, p. 22). The 
MJO is often absent during El Nifio events, 
he notes, but in this case the oscillation 
was active. 

To test that hypothesis and others, climate 
scientists are devising “hindcasting” model 
experiments that replay the El Nifo event 
with the same Pacific heating while factors 
are varied. It could be years before they under- 
stand why this El Nifio played out as it did, 
Gottschalck says. But forecasters have little 
time for second-guessing: They say a La Nifa 
event, typified by cooling in the Pacific and 
its own set of global weather disruptions, is 
due in the fall. 
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ECOLOGY 


Blind cave fish may provide 
insights into human health 


Cave adaptations are connected to diabetes, eye problems, 
and other conditions that afflict people 


By Elizabeth Pennisi, in Fayetteville, Arkansas 


egenerated retinas, globs of liver fat, 

wildly fluctuating blood sugar and 

insulin levels—all can spell trouble 

for people. But they are a way of 

life for Astyanax mewxicanus, bet- 

ter known as the blind cave fish or 
Mexican tetra. 

For decades, biologists have studied these 
pale 6-centimeter-long fish to understand 
the ecological and evolutionary effects of 
subterranean life. Now, some researchers 
argue that the fishes’ adaptations can shed 
light on human diseases including retinal 
degeneration and diabetes. “Studies of cave 
fishes have tremendous potential for advanc- 
ing our understanding of a host of human 
problems,” says biologist Danté Fenolio of 
the San Antonio Zoo in Texas, who spoke 
here last week at the 2016 International Con- 
ference on Subterranean Biology. “Once we 
understand how the problems occur in fish, 
we can look at the human system through an 
educated lens.” 

Reflecting its evolution from sighted 
surface-dwellers, the blind Mexican tetra be- 
gins to build eyes while an early embryo, but 
they degenerate as it matures. Pinning down 
how the fish dismantles its eyes has been 
William Jeffery’s goal for years, and at the 
meeting the developmental biologist from 
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the University of Maryland, College Park, re- 
ported the first gene responsible. The cave 
fish, but not its surface relatives, possesses a 
mutation in a gene called cbsa, which codes 
for the enzyme cystathionine f synthase. The 
cave fish variant causes excessive buildup 
of homocysteine, a building block for the 
amino acid cysteine. In the developing fish 
eye, this excess leads to cell death that drives 
the tissue’s degeneration. It also may lead to 
fat deposits in the liver and elsewhere, in- 
cluding the eye socket, Jeffery reported. 

In humans, a deficiency of the same 
enzyme causes a disorder called homo- 
cystinuria, which affects not only the eye 
but also skeletal growth and metabolism. 
“Some of the genes underlying adaptation 
to the cave environment also define disease 
in humans,” says Jeffery, who hopes further 
exploring the effects produced by the cbsa 
mutation in cave fish will lead to a better 
understanding of homocystinuria. Houmam 
Araj, a molecular biologist at the National 
Eye Institute in Bethesda, Maryland, agrees. 
“One has to look for targets of opportunity. 
Astyanax is an excellent such example.” 

Joshua Gross, an evolutionary develop- 
mental biologist at the University of Cincin- 
nati in Ohio, sees a similar opportunity in 
developing cave fish skulls. They are often 
asymmetric, he and his graduate student 
Amanda Powers noticed a while back: The 
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In blind cave fish, sensory cells called neuromasts 
(yellow) may influence the growth of bone (purple). 


left and right sides of the head do not match 
exactly. Such unevenness is rare in the sur- 
face fish, but not in humans, whose faces 
can be a little uneven, leading to conditions 
such as crossbite, or asymmetric to the 
point of disfigurement. 

Cave fish skulls could help explain how 
human face development goes awry, Gross 
and Powers propose. They have focused on 
the cave fish’s sensory neuromasts, nerve re- 
ceptors that enable the fish to detect vibra- 
tions set off by insects falling in the water. 
At the meeting, Gross showed that neuro- 
mast patterns are closely associated with 
facial bone shape and that cave fish have 
about twice the number of neuromasts on 
their faces as surface fish, despite having 
much smaller bones. The neuromasts could 
be fragmenting the cave fish’s facial bones 
during development, creating asymmetry 
as a “morphological ‘byproduct’ of selection 
for enhanced sensation in the darkness of 
the cave,” he says. Humans don’t have these 
same receptors on their faces, but Gross sus- 
pects other nonbone, noncartilaginous cells 
may similarly skew our skull symmetry. 

Evolutionary biologist Nicolas Rohner of 
the Stowers Institute for Medical Research 
in Kansas City, Missouri, is probing cave 
fish adaptations that help the animals cope 
with the scanty food supply in caves—and 
mimic other human diseases in the pro- 
cess. He reported, for example, that the 
livers of cave fish are larded with energy- 
storing glycogen and fat. In people, such 
deposits signal a potentially lethal condi- 
tion called nonalcoholic fatty liver disease, 
but in cave fish they may serve to tide the 
animal through periods of starvation. When 
cave fish do eat, Rohner adds, their blood 
glucose skyrockets to levels three times 
those seen in surface fish, then plummet a 
few hours later to levels so low “that it’s a 
miracle they don’t faint.” Such fluctuations 
characterize diabetes in humans, he notes— 
as does a scarcity of insulin-producing cells, 
also found in cave fish. 

“We argue that [cave fish] have evolved 
these metabolic alterations as a strategy to 
be more starvation resistant,’ Rohner says. 
But unlike people, “cave fish stay healthy.” 
Figuring out how they do so could suggest 
ways to protect the health of people with 
diabetes or liver disease, he proposes. 

The U.S. National Institutes of Health 
sees promise in cave fish as well, having 
agreed to fund Gross’s work and that of 
a few other cave fish biologists. This sub- 
terranean creature, Gross says, “gives us the 
power to understand something that we 
don’t entirely understand in humans.” 
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Step aside, 
E. coli 


Can a faster-growing 
microbe replace lab favorite? 


By Ben Panko 


resh from co-organizing a _ contro- 

versial project to synthesize the human 

genome, Harvard University geneticist 

George Church is looking to rock micro- 

biology. In a preprint article published 

online last week on bioRxiv, he and col- 
leagues argue that scientific experiments are 
unnecessarily prolonged as researchers wait 
for their workhorse microbe, Escherichia 
coli, to grow and reproduce. The team wants 
to replace E. coli with Vibrio natriegens, 
a salt marsh denizen that is the fastest- 
growing bacterium known. 

Since its discovery 131 years ago, E. coli 
has become the go-to bacterium for micro- 
biology, analyses of gene function, and much 
more. It is easy to grow and safe—the strains 
commonly studied no longer can infect the 
human intestines. EF. coli also reproduces 
reasonably quickly, doubling in number as 
fast as every 20 minutes. (The bacterium 
that causes tuberculosis takes 12 to 16 hours.) 
But the biggest factor driving its popularity 
may be inertia. “We use E. coli just because 
we know the most about it,” says Harvard ge- 
neticist Henry Lee. 

Originally an electrical engineer, Lee was 
dismayed at the time biologists spend wait- 
ing for the microbe to grow. He went looking 
for a better alternative, and he landed on V 
natriegens, which doubles every 10 minutes 
in ideal conditions. (It shares a genus with 
V. cholerae, the bacterium behind cholera, 
but seems harmless to people.) Lee, Church, 
and colleagues have sequenced its full ge- 
nome, making the data—along with a list of 
tested growing conditions—public. They’ve 
also shown the CRISPR genome-editing sys- 
tem works on the bacterium. “We want to 
develop tools that would make it a drop-in, 
turnkey alternative for E. coli,’ Lee says. 

Biologist Richard Lenski of Michigan 
State University in East Lansing, who has 
charted the evolution of a batch of E. coli for 
more than 28 years, is intrigued by the idea, 
but suggests E. coli may be tough to beat. “I 
don’t know whether most research and ap- 
plications are really limited by rapid growth, 
once youre already down into the range 
where cultures easily replace themselves in a 
day,” he says. “But time will tell.” 
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High-profile cancer reviews 
trigger controversy 


IARC reports create mostly confusion, scientists say 


By Kai Kupferschmidt 


fficially released at 3 p.m. EST on 

15 June, the news immediately raced 

around the world, spread by hun- 

dreds of websites. Judging by reader 

comments, many found it reassuring, 

whereas others were spooked. The 
message: Coffee doesn’t give you cancer af- 
ter all, but very hot drinks might, according 
to the International Agency for Research on 
Cancer (IARC), the cancer research arm of 
the World Health Organization. 

But scientists grumbled that the hot 
drink verdict left the public none the wiser, 
because IARC couldn’t say how big the 
risk is. And the next day, Germany’s 
Federal Institute for Risk Assessment 
(BfR) in Berlin warned that blanket 
assessments, such as the one on cof- 
fee, are “of limited usefulness” to con- 
sumers. “Like almost any food, coffee 
is a complicated mixture of many dif- 
ferent chemicals, some of which we 
know can cause cancer and others 
that are beneficial,” says BfR President 
Andreas Hensel. 

It has become a recurring pattern: 
an IARC announcement, followed by 
confusion, controversy, and criticism. 
In October 2015, IARC made headlines 
when it declared processed meat a 
carcinogen, putting it alongside pluto- 
nium and smoking in its classification 
scheme. Statisticians and risk commu- 
nication experts, however, were quick 
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to point out that the risk was very low. A 
few months earlier, IARC announced that 
glyphosate, the world’s most widely used 
herbicide, was “probably carcinogenic,” a 
verdict that helped fuel efforts to ban the 
chemical in the European Union, but was 
at odds with that of many other agencies, 
including BfR and the U.S. Environmental 
Protection Agency. 

“What is the public supposed to do with 
these judgments?” asks Geoffrey Kabat, a 
cancer epidemiologist at the Albert Einstein 
College of Medicine in New York City. “No 
matter how much I observe IARC, I find 
it baffling.” 


Weighing the evidence 
Since 1971, IARC has issued almost 1000 verdicts on human carci- 

nogenicity for a wide variety of products and environmental factors. 
Here's a sample, with reviews published in the past 12 months in red. 


Carcinogenic (118 substances/exposures) 
Processed meat, outdoor air pollution, asbestos, estrogen therapy, 
hepatitis B and C viruses, plutonium, solar radiation, tamoxifen (a 

breast cancer drug), alcohol, smoking 


Probably carcinogenic (80) 
Red meat, very hot beverages, glyphosate, shift work, working as a 
hairdresser or barber, acrylamide 


Possibly carcinogenic (289) 
Lead, nickel, cellphone use, AZT (an HIV drug), styrene 


Not classifiable as to carcinogenicity (502) 
Coffee, anesthetics, static electric fields, mineral wool, saccharin, 
tea, printing inks 


Probably not carcinogenic (1) 
Caprolactam (a precursor to nylon) 
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Drinks hotter than 65°C can cause cancer of the 
esophagus, a new report says. 


IARC, formed in 1965 and based in 
Lyon, France, helps set up cancer registries 
around the world, and tries to harmonize 
data collection. “Some of these databases 
are incredibly useful,” says Paul Pharoah, 
a cancer epidemiologist at the University 
of Cambridge in the United Kingdom. The 
agency also trains epidemiologists and con- 
ducts excellent research, he says. But IARC’s 
most visible products are “monographs on 
the evaluation of carcinogenic risks to hu- 
mans” that it started producing in 1971. 
They group substances and environmental 
exposures (almost a thousand so far) into 
one of five categories, ranging from “car- 
cinogenic” to “probably not carcinogenic” 
(see table, below). 

In the case of coffee, IARC announced 
that a review of recent research had 
prompted it to move the beverage from the 
“possibly carcinogenic” category, where it 
had been since 1991, to “not classifiable as 
to its carcinogenicity.” The agency also said 
that drinking beverages at temperatures 
higher than 65°C probably causes cancer of 
the esophagus—but without quantifying the 
risk. “That’s interesting for science but does 
not provide the information for making de- 
cisions,’ says David Spiegelhalter, a statisti- 
cian at Cambridge. 

Observers say several developments have 
helped IARC become a controversy cata- 
lyst. One is that the agency often evaluates 
widely used products such as mobile phones 
and coffee that are of great interest to a 
global public. Another is that IARC “aggres- 
sively seeks media coverage for its assess- 
ments,’ sending out press releases and 
organizing news conferences, says 
Peter Sandman, an independent expert on 
risk communication based in New 
York City. He accuses the agency of 
publicizing relatively vague state- 
ments “knowing they will be widely 
misperceived. I have to think this 
is intentional [IARC] believes, 
probably correctly, that this mis- 
perception motivates people to change 
their behavior.” 

Veronique Terrasse, IARC’s press 
officer, says that the agency’s solid 
technical reputation means it “doesn’t 
need to seek media coverage as such,” 
and that its outreach is primarily in- 
tended to promote transparency. “I 
think the general public has the right 
to know what expert scientists with 
no conflicts of interest came up with,” 
adds Kurt Straif, who heads IARC’s 
monographs program. Much of the 
criticism, he says, is coming from 
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“people who are directly or indirectly affili- 
ated with stakeholders that are not happy 
with us,” such as the pesticide and meat in- 
dustries. Straif concedes, however, that it’s 
less than ideal that IARC often announces 
its findings first in a relatively brief scien- 
tific summary, followed months later by the 
full monograph. 

Further complicating IARC’s communi- 
cations effort is the distinction, often not 
appreciated by the public, between hazard 
and risk. An exposure is a cancer hazard if 
it can cause the disease under some circum- 
stances; the risk is how likely one is to get 
cancer if exposed. Although IARC uses the 
word “risk” in monograph titles, a preamble 
cautions that the agency’s aim is to “iden- 
tify cancer hazards even when risks are very 
low at current exposure levels,’ because 
new uses could increase exposures. 

But looking only at hazard has down- 
sides. For one, it is very hard to prove 
that something will never cause cancer. 
Indeed, IARC has classified just one com- 
pound—caprolactam, a nylon precursor— 
as “probably not carcinogenic.” And critics 
note IARC has no “not carcinogenic” cat- 
egory. Straif says that’s also because IARC 
reviews prioritize substances suspected 
of carcinogenicity. 

The classification is confusing for con- 
sumers because the different categories say 
nothing about how dangerous a substance 
is—only about how sure the agency is that 
there is adanger. IARC places smoking and 
processed meat in the same category, for 
instance, despite smoking’s vastly higher 
risks. “People end up worrying about the 
wrong things and concluding that every- 
thing causes cancer, so why bother to stop 
smoking?” Kabat says. 

Scientifically, the focus on hazard is out- 
dated, Hensel adds, in part because the 
world is full of carcinogenic substances 
that are harmless at low levels. IARC’s 
Straif says there often isn’t enough sci- 
entific evidence to quantify the risk. But 
when there is, the agency “does try to move 
in that direction,” he says. 

In the meantime, scientists are bracing 
for more high-impact IARC pronounce- 
ments. The agency plans to produce mono- 
graphs on controversial substances such as 
the cooking byproduct acrylamide and the 
plastic component bisphenole A. Hensel, 
for one, fears that IARC’s seemingly black 
and white verdicts will lead to further po- 
liticization of regulatory debates. 

At least the report about very hot 
drinks—although perhaps not particularly 
helpful—didn’t play into a political issue, 
Pharoah says. “It’s hard to see a big down- 
side,” he says, “to telling people to leave 
their tea to cool for 5 minutes.” 
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PUBLIC HEALTH 


California approves publicly 
funded gun research center 


University of California to run $5 million center that could 
tap state’s extensive database on firearm transfers 


By Emily Underwood 


or 2 decades, firearm advocates in 

Congress have blocked  taxpayer- 

funded research into the causes and 

consequences of gun violence, which 

kills more people in the United States 

than in any other developed na- 
tion. Last week, California’s state legisla- 
ture bucked that trend, voting to establish 
the nation’s first publicly funded center for 
studying gun violence. 

The new California Firearm Violence Re- 
search Center will be run by the University 
of California (UC) system. 
Its lean budget—$1 million 
per year over the next 5 


the National Rifle Association and other 
groups successfully lobbied Congress 
to stifle federally funded gun research. 
Led by then-Representative Jay Dickey (R- 
AR), lawmakers barred the U.S. Centers 
for Disease Control and Prevention from 
funding any activity that would “advocate 
or promote gun control” and eliminated 
a $2.5 million pot of money for gun- 
related studies. 

Dickey, now retired, has since reversed his 
position and advocates for more gun research. 
But the lack of public funding means that few 
young scientists are drawn to the field, says 
Wintemute, who has spent 
more than $1 million of 
his own funds to sustain 
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center poses “a very stark” 
contrast to the continu- 
ing gridlock in Congress, 
says epidemiologist Garen 
Wintemute, who studies 
firearm violence at UC 
Davis. Last fall, he worked 
with state Senator Lois Wolk (D) to develop 
plans for the center. 

Coincidentally, the California vote came 
just 4 days after a gunman killed 49 people 
and injured 53 at a gay nightclub in Orlando, 
Florida, sparking renewed debate in Con- 
gress over proposals to impose new federal 
rules on gun purchases. Events like the Or- 
lando massacre—one of the country’s worst 
mass shootings—“leave us searching for an- 
swers,” Wolk said in a statement. “We know 
that using real data and scientific methods, 
our best researchers can help policy makers 
get past the politics and find real answers to 
this public health crisis.” 

“This shows the kind of thing states 
can do” in the absence of federal action, 
says David Hemenway, a health policy re- 
searcher at Harvard University. In 1996, 
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politics and find 
real answers to this 
public health crisis.” 


Lois Wolk, California legislator 


name it, we need to know 
about it,’ says Hemenway, 
citing the need for more 
information on everything 
from firearm training and 
gun thefts to their role in 
suicide and homicide. 

Wintemute adds that the center could 
enable a small team of researchers to ex- 
amine California’s unique data set on 
statewide gun transfers and other firearm- 
related activities. One pressing question, 
he says, is why California’s annual fa- 
talities from gun violence have dropped 
by roughly 20% since 2000, even as the 
nationwide rate has not changed. “We 
don’t know why that is,” Wintemute says. 
“Are we doing something right? Or are 
we not doing something wrong that other 
[states] are?” 

The location of the new center is not 
yet “locked in,’ but Wintemute believes 
UC Davis is the most likely candidate. And 
he hopes the state funding will help re- 
searchers attract additional money from 
private donors. 
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DRUG DEVELOPMENT 


Beleaguered phage therapy trial presses on 


Setbacks suggest difficult road for much-needed antibiotic alternatives 


By Kelly Servick 


s drug-resistant infections thwart 

even our last-resort antibiotics, a 

growing number of researchers see 

promise in a therapy long on the 

back burner: bacteria-killing viruses 

known as bacteriophages. Now, phage 
therapy is facing its first major trial under 
modern regulatory standards—and it’s prov- 
ing challenging to test. The ambitious phase 
I/II clinical trial in Europe was expected to 
have its first results this summer. But the trial 
has faced a series of delays and shrunk in size 
and scope, hinting at some of the many barri- 
ers phages will confront in getting 
to market. 

First discovered more than a 
century ago, phages largely fell 
by the wayside in the West as 
big pharmaceutical companies 
pursued broad-spectrum  anti- 
biotic compounds. Anecdotal evi- 
dence abounds that phages can 
sometimes defeat obstinate, life- 
threatening infections, and they 
are already used to treat pa- 
tients in Eastern Europe. But 
to date, most clinical studies 
have included only small groups 
of patients and have lacked 
rigorous oversight. 

PhagoBurn was supposed to 
change that. In response to a 
2012 European Commission call 
for grant proposals on new anti- 
bacterial products, the French 
Ministry of Defense partnered with pharma- 
ceutical companies and military and civilian 
hospitals in France, Switzerland, and Bel- 
gium to design a 3-year test of phage therapy 
in burn patients with infected wounds. In 
2013, the project launched with €3.8 million 
in European Commission support. 

“The expectations are high,’ says Sandra 
Morales, vice president of research at Ampli- 
Phi Biosciences in Sydney, Australia, which 
earlier this year began two small phage ther- 
apy clinical trials in Australia and the United 
States. “Almost scarily high!” 

Pherecydes Pharma, based in Romainville, 
France, was to develop two topical phage 
treatments for the trial, aimed at Escherichia 
coli and Pseudomonas aeruginosa infections, 
which are often antibiotic-resistant. Pher- 
ecydes collected most of its phages from the 
bacteria-rich sewage flowing underground 
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from Parisian hospitals, then grew and pu- 
rified them into two cocktails of 12 and 
13 phages each to ensure multiple modes of 
action against ever-evolving bacterial strains. 

Technically, that process is “not too tricky,’ 
says Laurent Bretaudeau, director of research 
and development for Clean Cells in Boufféré, 
France, which handled PhagoBurn’s manu- 
facturing. But the burden of validating and 
documenting the production steps grows ex- 
ponentially with each new phage. The project 
budgeted 12 months to establish good manu- 
facturing practice for the treatments, but 
ended up taking 20. 


The company then planned to enroll 


A big European trial is testing whether bacteria-killing viruses, like the 
bacteriophage above, could be an effective alternative to antibiotics. 


220 patients from 11 participating hospitals. 
Half would receive phages, and the other half 
silver sulfadiazine, an antibacterial cream 
routinely used on burn infections. That num- 
ber seemed realistic based on the hospitals’ 
previous patient data, says Jér6me Gabard, 
CEO of Pherecydes. But in the 6 months af- 
ter recruitment began last July, PhagoBurn 
found just 15 eligible patients with P aeru- 
ginosa infections and one with E. coli. “All of 
the clinicians in the trial are surprised” by 
the poor numbers, Gabard says. 

PhagoBurn’s recruitment effort struggled 
in part because phages’ attack mechanisms 
are highly targeted to one bacterial species. 
As a result, only patients with a single in- 
fection were eligible, and yet most infected 
burn patients are colonized with more than 
one type of bacterium. Last month, the team 
decided to drop the F. coli study altogether, 
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leaving just the intended 110-person P. aeru- 
ginosa study. 

The project hit another snag when regu- 
lators with France’s National Agency for the 
Safety of Medicines and Health Products 
asked Pherecydes to show that the concen- 
trations of the various phage components 
were stable over time. Demonstrating stabil- 
ity is usually straightforward for drugs with 
just one or a few active ingredients. But it’s 
a major hurdle for an elaborate cocktail 
made up of highly similar phages, Gabard 
explains. When the deadline for these data 
came up in January, Pherecydes put recruit- 
ment for the trial on hold. 

This month, regulators ac- 
cepted provisional measures 
showing that the product re- 
mained sterile and retained its 
antibacterial activity, and the trial 
started back up. The company is 
now exploring ways to limit the 
formula to just a handful of dis- 
tinct and potent strains, though 
Gabard notes that reducing the 
diversity of a cocktail too much 
could render it less effective as 
bacteria evolve resistance. 

PhagoBurn’s_ struggles come 
as little surprise to those who 
work with phages. “It’s not like 
there’s been some _ transforma- 
tive development or technology 
that means that it’s open sea- 
son on phage therapy,’ says Paul 
Bollyky, a microbiologist and phy- 
sician at the Stanford University 
Medical Center in Palo Alto, California. “It’s 
just the problems have gotten so extensive 
with drug resistance that people are willing 
to try to get around some of the regulatory 
and composition issues and give this a try.” 

And despite the disappointments, many 
in the field have a certain reverence for 
PhagoBurn, which still plans to get as close 
as possible to its 110-patient goal by the end 
of the year and reveal efficacy data next 
February or March. At the very least, they 
say, the project will establish new manufac- 
turing approaches and push regulators to 
clarify their policies for evaluating phages. 
“In some ways, it doesn’t matter at all if it 
works or not,’ says Ry Young, a phage bio- 
logist with the Center for Phage Technology 
at Texas A&M University, College Station. 
“The very fact that it’s being tried is a very 


positive step for the field.” = 
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POLAR 


EXPLORER 


Joe Kirschvink thinks he has found 
a magnetic sixth sense in humans 


By Eric Hand 


irds do it. Bees do it. But the human 
subject, standing here in a hoodie— 
can he do it? Joe Kirschvink is de- 
termined to find out. For decades, 
he has shown how critters across 
the animal kingdom navigate us- 
ing magnetoreception, or a sense 
of Earth’s magnetic field. Now, the 
geophysicist at the California Insti- 
tute of Technology (Caltech) in Pasadena is 
testing humans to see if they too have this 
subconscious sixth sense. Kirschvink is pretty 
sure they do. But he has to prove it. 

He takes out his iPhone and waves it over 
Keisuke Matsuda, a neuroengineering gradu- 
ate student from the University of Tokyo. On 
this day in October, he is Kirschvink’s guinea 
pig. A magnetometer app on the phone 
would detect magnetic dust on Matsuda— 
or any hidden magnets that might foil the 
experiment. “I want to make sure we don’t 
have a cheater,’ Kirschvink jokes. 

They are two floors underground at 
Caltech, in a clean room with magnetically 
shielded walls. In a corner, a liquid helium 
pump throbs and hisses, cooling a super- 
conducting instrument that Kirschvink has 
used to measure tiny magnetic fields in every- 
thing from bird beaks to martian meteorites. 
On a lab bench lie knives—made of ceramic 
and soaked in acid to eliminate magnetic 
contamination—with which he has sliced 
up human brains in search of magnetic par- 
ticles. Matsuda looks a little nervous, but he 
will not be going under the knife. With a sy- 
ringe, a technician injects electrolyte gel onto 
Matsuda’s scalp through a skullcap studded 
with electrodes. He is about to be exposed 
to custom magnetic fields generated by an 
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array of electrical coils, while an electro- 
encephalogram (EEG) machine records his 
brain waves. 

For much of the 20th century, magneto- 
reception research seemed as unsavory as the 
study of dowsing or telepathy. Yet it is now 
an accepted fact that many animals sense the 
always-on, barely-there magnetic field of 
Earth. Birds, fish, and other migratory ani- 
mals dominate the list; it makes sense for 
them to have a built-in compass for their 
globetrotting journeys. In recent years, re- 
searchers have found that less speedy crea- 
tures—lobsters, worms, snails, frogs, newts 
—possess the sense. Mammals, too, seem 
to respond to Earth’s field: In experiments, 
wood mice and mole rats use magnetic field 
lines in siting their nests; cattle and deer ori- 
ent their bodies along them when grazing; 
and dogs point themselves north or south 
when they urinate or defecate. 

The mounting scientific evidence for 
magnetoreception has largely been behav- 
ioral, based on patterns of movement, for ex- 
ample, or on tests showing that disrupting or 
changing magnetic fields can alter animals’ 
habits. Scientists know that animals can 
sense the fields, but they do not know how 
at the cellular and neural level. “The frontier 
is in the biology—how the brain actually uses 
this information,’ says David Dickman, a 
neurobiologist at the Baylor College of Medi- 
cine in Houston, Texas, who in a 2012 Science 
paper showed that specific neurons in the 
inner ears of pigeons are somehow involved, 
firing in response to the direction, polarity, 
and intensity of magnetic fields. 

Finding the magnetoreceptors responsible 
for triggering these neurons has been like 
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looking for a magnetic needle in a haystack. 
There’s no obvious sense organ to dissect; 
magnetic fields sweep invisibly through the 
entire body, all the time. “The receptors could 
be in your left toe,” Kirschvink says. 

Scientists have come up with two ri- 
val ideas about what they might be (see 
sidebar, right). One is that magnetic fields 
trigger quantum chemical reactions in 
proteins called cryptochromes. Crypto- 
chromes have been found in the retina, but 
no one has determined how they might con- 
trol neural pathways. The other theory, which 
Kirschvink favors, proposes that miniature 
compass needles sit within receptor cells, 
either near the trigeminal nerve behind ani- 
mals’ noses or in the inner ear. The needles, 
presumed to be made up of a strongly mag- 
netic iron mineral called magnetite, would 
somehow open or close neural pathways. 

The same candidate magnetoreceptors 
are found in humans. So do we have a mag- 
netic sense as well? “Perhaps we lost it with 
our civilization,’ says Michael Winklhofer, a 
biophysicist at the University of Oldenburg 
in Germany. Or, as Kirschvink thinks, per- 
haps we retain a vestige of it, like the wings 
of an ostrich. 


KIRSCHVINK SPECIALIZES in measuring 
remanent magnetic fields in rock, which 
can indicate the latitude at which the rock 
formed, millions or billions of years ago, 
and can trace its tectonic wanderings. The 
technique has led him to powerful, influen- 
tial ideas. In 1992, he marshaled evidence 
that glaciers nearly covered the globe more 
than 650 million years ago, and suggested 
that their subsequent retreat from “Snow- 
ball Earth” (a term he coined) triggered an 
evolutionary sweepstakes that would become 
the Cambrian explosion 540 million years 
ago. In 1997, he worked out a provocative 
explanation for the abnormally speedy drift 
of continental plates about the same time as 
the Cambrian explosion: Earth’s rotational 
axis had tipped over by as much as 90% 
Kirschvink proposed. The climatic havoc 
from this geologically sudden event also 
would have spurred the biological innova- 
tions seen in the Cambrian. And he was 
prominent among a group of scientists who 
in the 1990s and 2000s argued that magnetic 
crystals in a famous martian meteorite, Allan 
Hills 84001, were fossilized signs of life on 
the Red Planet. Although the significance of 
Allan Hills 84001 remains controversial, the 
idea that life leaves behind magnetofossils is 
an active area of research on Earth. 

“He’s not afraid to go out on a limb,” says 
Kenneth Lohmann, a neurobiologist who 
studies magnetoreception in lobsters and 
sea turtles at the University of North Caro- 
lina, Chapel Hill. “He’s been right about some 
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things and not right about other things.” 

In support of his hypotheses, Kirschvink 
has gathered rocks from all over the world: 
South Africa, China, Morocco, and Australia. 
But looking for magnets in animals—and 
humans—in his windowless subbasement 
lab has remained an abiding obsession. Just 
ask his first-born son, who arrived in 1984, as 
Kirschvink and his wife—Atsuko Kobayashi, 
a Japanese structural biologist—published 
the discovery of magnetite in the sinus tis- 
sue of yellowfin tuna. At Kirschvink’s sugges- 
tion, they named him Jiseki: magnet stone, 
or magnetite. 

Kirschvink, 62, could never decide be- 
tween geology and biology. He remembers 
the day in 1972 when, as an undergraduate at 
Caltech, he realized that the two were inter- 
twined. A professor held the tongue plate 
of a chiton, a type of mollusk, and dragged 
it around with a bar magnet. Its teeth were 
capped with magnetite. “That blew me 
away,” recalls Kirschvink, who still keeps 
the tongue plate on his desk. “Magnetite is 
typically something that geologists expect in 
igneous rocks. To find it in an animal is a bio- 
chemical anomaly.” 

For many years, scientists thought chitons 
had evolved a way to synthesize magnetite 
simply because the hard mineral makes for 
a good, strong tooth. But in 1975, Richard 
Blakemore at the Woods Hole Oceanographic 
Institution in Massachusetts suggested that 
in certain bacteria, magnetite is a magnetic 
sensor. Studying bacteria from Cape Cod 
marsh muds, Blakemore found that when 
he moved a small magnet around his glass 
slides, the bacteria would rush toward the 
magnet. Looking closer, he found that the mi- 
crobes harbored chains of magnetite crystals 
that forced the cells to align with the lines of 
Earth’s own magnetic field, which in Mas- 
sachusetts dip down into the ground at 70°, 
toward the North Pole. Many bacteria search 
randomly for the right balance of oxygen and 
nutrients, utilizing a motion called “tumble 
and run.” But as swimming compass needles, 
Blakemore’s bacteria knew up-mud from 
down-mud. They could surf this gradient 
more efficiently and would swim downward 
along it whenever the mud was disturbed. 

These bacterial magnetoreceptors are still 
the only ones scientists have definitively 
located and studied. To Kirschvink, their 
presence indicates that magnetoreception 
is ancient, perhaps predating Earth’s first 
eukaryotic cells, which are thought to have 
evolved nearly 2 billion years ago after a host 
cell captured free-living bacteria that became 
the cell’s energy-producing mitochondria. 
“Tm suggesting that the original mitochon- 
dria were magnetic bacteria,’ Kirschvink 
says, which could mean that all eukaryotes 
have a potential magnetic sense. 
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What and where 
are the body’s 
magnetometers? 


By Eric Hand 


hat many animals sense and 
respond to Earth’s magnetic field 
is no longer in doubt, and people, 
too, may have a magnetic sense 
(see main story, p. 1508). But how 
this sixth sense might work remains 
a mystery. Some researchers say it 
relies on an iron mineral, magnetite; 
others invoke a protein in the retina 
called cryptochrome. 

Magnetite has turned up in bird 
beaks and fish noses and even in the 
human brain, as Joe Kirschvink of the 
California Institute for Technology in 
Pasadena reported in 1992, and it is 
extremely sensitive to magnetic fields. 
As a result, Kirschvink and other fans 
say, it can tell an animal not only which 
way it is heading (compass sense) but 
also where it is. “A compass cannot 
explain how a sea turtle can migrate all 
the way around the ocean and return to 
the same specific stretch of beach where 
it started out,” says neurobiologist 
Kenneth Lohmann of the University of 
North Carolina, Chapel Hill. A compass 
sense is enough for an animal to figure 
out latitude, based on changes in the 
inclination of magnetic field lines (flat 
at the equator, plunging into the earth 
at the poles). But longitude requires 
detecting subtle variations in field 
strength from place to place—an extra 
map or signpost sense that magnetite 
could supply, Lohmann says. 

Except in bacteria, however, no one 
has seen magnetite crystals serving as a 
magnetic sensor. The crystals could be 
something else—say, waste products of 
iron metabolism, or a way for the body 
to sequester carcinogenic heavy metals. 
In the early 2000s, scientists found 
magnetite-bearing cells in the beaks of 
pigeons. But a follow-up study found 
that the supposed magnetoreceptors 
were in fact scavenger immune cells 
that had nothing to do with the neural 
system. And because there is no unique 
stain or marker for magnetite, false 
sightings are easy to make. 

Cryptochrome, too, offers much 
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Reading about  Blakemore’s’ work, 
Kirschvink wondered which way magnetic 
bacteria swim in the Southern Hemisphere: 
northward like the Massachusetts microbes, 
or southward toward their own pole, or in 
some other direction? He flew to Australia 
to search stream beds for Blakemore’s anti- 
podal counterparts. They were most abun- 
dant in a sewage treatment pond near Can- 


had what appeared to be a magnetic sense. 

In later variations, Baker claimed to find 
a human compass sense in “walkabout” ex- 
periments, in which subjects pointed home 
after being led on a twisty route; and “chair” 
experiments, in which they were asked for 
cardinal directions after being spun around. 
Baker performed some of his experiments 
for live television, and he announced some 
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Some animals, such as birds, gain a compass by 
sensing the field lines and their inclination. 


berra. “I just went with a magnet and hand 
lens,” he says. “They're all over the place.” 
Sure enough, they swam down toward the 
South Pole. They had evolved south-seeking 
magnetite chains. 

By then, Kirschvink was a postdoc at 
Princeton University, working with biolo- 
gist James Gould. He had also graduated up 
the food chain of animals. In 1978, he and 
Gould found magnetite in the abdomen of 
honey bees. Then, in 1979, in the heads of 
pigeons. Unbeknownst to Kirschvink, across 
the Atlantic Ocean a young, charismatic 
University of Manchester, U.K., biologist 
named Robin Baker was setting his sights 
on the magnetic capabilities of larger, more 
sophisticated animals: British students. In 
a series of experiments, he gathered blind- 
folded students from a “home” point onto 
a Sherpa mini-bus, took them on a tortu- 
ous route into the countryside, and asked 
them the compass direction of home. In 
Science in 1980, Baker reported something 
uncanny: The students could almost always 
point in the quadrant of home. When they 
wore a bar magnet in the elastic of their 
blindfolds, that pointing skill was thwarted, 
whereas controls who wore a brass bar still 
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of his results prior to peer review in books 
and popular science magazines—a flair for 
the dramatic that rubbed other academics 
the wrong way. 

In an email, Baker says there was a “base 
hostility” among his U.S. counterparts. 
Kirschvink and Gould were among the skep- 
tics. In 1981, they invited Baker to Princeton 
for a chance to perform the experiments, 
one whistle stop on a reproducibility tour 
of several U.S. campuses in the Northeast. 
At Princeton and elsewhere, the replica- 
tion efforts failed. After Baker claimed in a 
1983 Nature paper that human sinus bones 
were magnetic, Kirschvink showed that the 
results were due to contamination. In 1985, 
Kirschvink failed to replicate a version of the 
chair experiment. 

Although the Manchester experiments 
cast a pall over human magnetoreception, 
Kirschvink quietly took up Baker’s mantle, 
pursuing human experiments on the side for 
30 years. He never gave up running students 
through a gauntlet of magnetic coils and ex- 
perimental protocols. “The irritating thing 
was, [our] experiments were not negative,” 
he says. “But from day to day, we couldn’t re- 
produce them.” 
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Now, with a $900,000 grant from 
the Human Frontier Science Program, 
Kirschvink; Shinsuke Shimojo, a Caltech 
psychophysicist and EEG expert; and 
Ayumu Matani, a neuroengineer at the Uni- 
versity of Tokyo, are making their best ef- 
fort ever to test Baker’s claims. 

Baker finds it ironic that his onetime an- 
tagonist is now leading the charge for human 
magnetoreception. “Joe is probably in a bet- 
ter position to do this than most,’ he writes. 
As for whether he thinks his results still indi- 
cate something real, Baker says there is “not 
a shadow of doubt in my mind: Humans can 
detect and use the Earth’s magnetic field.” 


NEXT DOOR to Kirschvink’s magnetics lab 
is the room where he tests his human sub- 
jects. In it is a box of thin aluminum siding, 
known as a Faraday cage, just big enough 
to hold the test subject. Its role is to screen 
out electromagnetic noise—from computers, 
elevators, even radio broadcasts—that might 
confound the experiment. “The Faraday cage 
is key,’ Kirschvink says. “It wasn’t until the 
last few years, after we put the damned Fara- 
day shield in, that we went, ‘Wait a minute?” 

Kirschvink added it after an experiment 
led by one of Winklhofer’s Oldenburg col- 
leagues, Henrik Mouritsen, showed that elec- 
tromagnetic noise prevents European robins 
from orienting magnetically. The stray fields 
would probably affect any human compass, 
Kirschvink says, and the noise is most disrup- 
tive in a band that overlaps with AM radio 
broadcasts. That could explain why Baker’s 
experiments succeeded in Manchester, which 
at the time did not have strong AM radio 
stations. The U.S. Northeast, however, did, 
which could explain why scientists there 
couldn’t replicate the findings. 

In the current setup, the Faraday cage 
is lined with squares of wire coils, called 
Merritt coils. Electricity pulsed through the 
coils induces a uniform magnetic field run- 
ning through the center of the box. Because 
the coils are arranged in three perpendicular 
directions, the experimenters can control the 
orientation of the field. A fluxgate magneto- 
meter to check field strength dangles above 
a wooden chair that has had all of its iron- 
containing parts replaced with nonmagnetic 
brass screws and aluminum brackets. 

Kirschvink, Shimojo, and Matani’s idea is 
to apply a rotating magnetic field, similar 
in strength to Earth’s, and to check EEG re- 
cordings for a response in the brain. Finding 
one would not reveal the magnetoreceptors 
themselves, but it would prove that such a 
sense exists, with no need to interpret often- 
ambiguous human behavior. “It’s a really fan- 
tastic idea,’ Winklhofer says. “I’m wondering 
why nobody has tried it before.” 

The experiments began at the end of 2014. 
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Kirschvink was human subject No. 1. No. 19 
is Matsuda, on loan from Matani’s lab, which 
is replicating the experiment in Tokyo with a 
similar setup. Matsuda signs a consent form 
and is led into the box by the technician, who 
carries the EEG wires like the train of a wed- 
ding veil. “Are we ready to start?” the tech- 
nician asks, after plugging in the electrodes. 
Matsuda nods grimly. “All right, I’ll shut the 
box.” He lowers the flap of aluminum, turns 
off the lights, and shuts the door. Piped into 
the box is Kirschvink’s nasal, raspy voice. 
“Don’t fall asleep,” he says. 

Matsuda will sit in the box for an hour in 
total blackness while an automated program 
runs through eight different tests. In half of 
them, a magnetic field roughly as strong as 
Earth’s rotates slowly around the subject’s 
head. In the others, the Merritt coils are set 
to cancel out the induced field so that only 
Earth’s natural magnetism is at work. These 
tests are randomized so that neither experi- 
menter nor subject knows which is which. 


EVERY FEW YEARS, the Royal Institute of 
Navigation (RIN) in the United Kingdom 
holds a conference that draws just about ev- 


ery researcher in the field of animal naviga- 
tion. Conferences from years past have dwelt 
on navigation by the sun, moon, or stars—or 
by sound and smell. But at this year’s meet- 
ing, in April at Royal Holloway, University 
of London, magnetoreception dominated 
the agenda. Evidence was presented for 
magnetoreception in cockroaches and _ poi- 
son frogs. Peter Hore, a physical chemist 
at the University of Oxford in the United 
Kingdom, presented work showing how 
the quantum behavior of the cryptochrome 
system could make it more precise than 
laboratory experiments had suggested. Can 
Xie, a biophysicist from Peking University, 
pressed his controversial claim that, in the 
retina of fruit flies, he had found a complex 
of magnetic iron structures, surrounded by 
cryptochrome proteins, that was the long- 
sought magnetoreceptor. 

Then, in the last talk of the first day, 
Kirschvink took the podium to deliver his po- 
tentially groundbreaking news. It was a small 
sample—just two dozen human subjects— 
but his basement apparatus had yielded a 
consistent, repeatable effect. When the mag- 
netic field was rotated counterclockwise— 


Center of attraction Researchers are testing humans for a subconscious magnetic sense 
by putting them in a dark metal box and applying magnetic fields. 


Faraday cage 
Thin sheets of aluminum prevent 
outside electromagnetic interference. 


Merritt coils 


When supplied with electricity, coils 
create uniform magnetic fields in 
the center of the box. 


Nonmagnetic chair 
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Current 
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Using all three sets of coils, a field 
can be created in any direction. 


Alternating currents cancel out 
applied field, leaving only Earth's. 
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the equivalent of the subject looking to the 
right—there was sharp drop in a waves. The 
suppression of a waves, in the EEG world, 
is associated with brain processing: A set of 
neurons were firing in response to the mag- 
netic field, the only changing variable. The 
neural response was delayed by a few hun- 
dred milliseconds, and Kirschvink says the 
lag suggests an active brain response. A mag- 
netic field can induce electric currents in the 
brain that could mimic an EEG signal—but 
they would show up immediately. 

Kirschvink also found a signal when the ap- 
plied field yawed into the floor, as if the sub- 
ject had looked up. He does not understand 
why the a wave signal occurred with up- 
down and counterclockwise changes, but not 
the opposite, although he takes it as a sign of 
the polarity of the human magnetic compass. 
“My talk went *really* well” he wrote jubi- 
lantly in an email afterwards. “Nailed it. Hu- 
mans have functioning magnetoreceptors.” 

Others at the talk had a guarded response: 
amazing, if true. “It’s the kind of thing that’s 
hard to evaluate from a 12-minute talk,” 
Lohmann says. “The devil’s always in the 
details.” Hore says: “Joe’s a very smart man 
and a very careful experimenter. He wouldn’t 
have talked about this at the RIN if he wasn’t 
pretty convinced he was right. And you can’t 
say that about every scientist in this area.” 

Two months later, in June, Kirschvink is 
in Japan, crunching data and hammering 
out experimental differences with Matani’s 
group. “Alice in Wonderland, down the rab- 
bit hole, that’s what it feels like,” he says. 
Matani is using a similarly shielded setup, 
except his cage and coils are smaller—just 
big enough to encompass the heads of sub- 
jects, who must lie on their backs. Yet this 
team, too, is starting to see repeatable EEG 
effects. “It’s absolutely reproducible, even 
in Tokyo,’ Kirschvink says. “The doors are 
opening.” 

Kirschvink’s lifelong quest seems to be on 
the cusp of resolution, but it also feels like a 
beginning. A colleague in New Zealand says 
he is ready to replicate the experiment in the 
Southern Hemisphere, and Kirschvink wants 
money for a traveling Faraday cage that he 
could take to the magnetic equator. There are 
papers to write, and new subjects to recruit. 
Just as Baker’s results ricocheted through the 
research community for years, Kirschvink 
knows that the path toward getting his idea 
accepted is long, and uphill. 

But he relishes the thought of showing, 
once and for all, that there is something 
that connects the iPhone in his pocket—the 
electromagnetic laws that drive devices and 
define modernity—to something deep inside 
him, and the tree of life. “It’s part of our evo- 
lutionary history. Magnetoreception may be 
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the primal sense.” & 
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ETHICS 


Our driverless dilemma 


When should your car be willing to kill you? 


By Joshua D. Greene 


uppose that a driverless car is headed 
toward five pedestrians. It can stay on 
course and kill them or swerve into 
a concrete wall, killing its passenger. 
On page 1573 of this issue, Bonnefon 
et al. (1) explore this social dilemma in 
a series of clever survey experiments. They 
show that people generally approve of cars 
programmed to minimize the total amount 
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of harm, even at the expense of their passen- 
gers, but are not enthusiastic about riding in 
such “utilitarian” cars—that is, autonomous 
vehicles that are, in certain emergency situ- 
ations, programmed to sacrifice their pas- 
sengers for the greater good. Such dilemmas 
may arise infrequently, but once millions 
of autonomous vehicles are on the road, 
the improbable becomes probable, perhaps 
even inevitable. And even if such cases never 
arise, autonomous vehicles must be pro- 
grammed to handle them. How should they 
be programmed? And who should decide? 
Bonnefon ez al. explore many interesting 
variations, such as how attitudes change 
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when a family member is on board or when 
the number of lives to be saved by swerving 
gets larger. As one might expect, people are 
even less comfortable with utilitarian sac- 
rifices when family members are on board 
and somewhat more comfortable when sac- 
rificial swerves save larger numbers of lives. 
But across all of these variations, the social 
dilemma remains robust. A major determi- 
nant of people’s attitudes toward utilitar- 
ian cars is whether the question is about 
utilitarian cars in general or about riding in 
them oneself. 

In light of this consistent finding, the au- 
thors consider policy strategies and pitfalls. 
They note that the best strategy for utilitar- 
ian policy-makers may, ironically, be to give 
up on utilitarian cars. Autonomous vehicles 
are expected to greatly reduce road fatalities 
(2). If that proves true, and if utilitarian cars 
are unpopular, then pushing for utilitarian 
cars may backfire by delaying the adoption 
of generally safer autonomous vehicles. 
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Moral dilemma. Should autonomous vehicles protect 
their passengers or minimize the total amount of harm? 


As the authors acknowledge, attitudes 
toward utilitarian cars may change as na- 
tions and communities experiment with 
different policies. People may get used to 
utilitarian autonomous vehicles, just as 
some Europeans have grown accustomed 
to opt-out organ donation programs (3) 
and Australians have grown accustomed 
to stricter gun laws (4). Likewise, attitudes 
may change as we rethink our transpor- 
tation systems. Today, cars are beloved 
personal possessions, and the prospect 
of being killed by one’s own car may feel 
like a personal betrayal to be avoided at all 
costs. But as autonomous vehicles take off, 
car ownership may decline as people tire 
of paying to own vehicles that stay parked 
most of the time (5). The cars of the future 
may be interchangeable units within vast 
transportation systems, like the cars of to- 
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day’s subway trains. As our thinking shifts 
from personal vehicles to transportation 
systems, people might prefer systems that 
maximize overall safety. 

In their experiments, Bonnefon et al. 
assume that the autonomous vehicles’ 
emergency algorithms are known and that 
their expected consequences are trans- 
parent. This need not be the case. In fact, 
the most pressing issue we face with re- 
spect to autonomous vehicle ethics may be 
transparency. Life-and-death trade-offs are 
unpleasant, and no matter which ethical 
principles autonomous vehicles adopt, they 
will be open to compelling criticisms, giving 
manufacturers little incentive to publicize 
their operating principles. Manufacturers 
of utilitarian cars will be criticized for their 
willingness to kill their own passengers. 
Manufacturers of cars that privilege their 
own passengers will be criticized for devalu- 
ing the lives of others and their willingness 
to cause additional deaths. Tasked with sat- 
isfying the demands of a morally ambiva- 
lent public, the makers and regulators of 
autonomous vehicles will find themselves 
in a tight spot. 

Software engineers—unlike politicians, 
philosophers, and opinionated uncles— 
don’t have the luxury of vague abstraction. 
They can’t implore their machines to respect 
people’s rights, to be virtuous, or to seek jus- 
tice—at least not until we have moral theo- 
ries or training criteria sufficiently precise 
to determine exactly which rights people 
have, what virtue requires, and which trade- 
offs are just. We can program autonomous 
vehicles to minimize harm, but that, appar- 
ently, is not something with which we are 
entirely comfortable. 

Bonnefon et al. show us, in yet another 
way, how hard it will be to design autono- 
mous machines that comport with our 
moral sensibilities (6-8). The problem, it 
seems, is more philosophical than technical. 
Before we can put our values into machines, 
we have to figure out how to make our val- 
ues clear and consistent. For 21st-century 
moral philosophers, this may be where the 
rubber meets the road. 
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IMMUNOLOGY 


Converting 
to adapt 


Gut microbiota affect 
T cell plasticity in the 
intestinal lining 


By Marco Colonna and 
Luisa Cervantes-Barragan 


ffective immune responses rely on 
balancing lymphocyte stability and 
plasticity. Lymphocytes have regula- 
tory circuits that control phenotypic 
and functional identity. Stable circuits 
maintain homeostasis and prevent 
autoimmunity. But plasticity is needed to 
integrate new environmental inputs and 
generate immune responses that subdue 
the eliciting agent without damaging tis- 
sue. Regulatory T cells CT es) are a subset 
of CD4* T cells that control effector T cell 
responses and prevent excessive inflam- 
mation and autoimmunity (J, 2). On page 
1581 in this issue, Sujino et al. (3) report 
that intestinal T,,. convert into CD4* in- 


traepithelial T cells (CD4 ) to adapt to the 


IELs 


“.-Foxp3* cells might rapidly 
convert into another T cell 


subtype.” 


local intestinal environment, thus identify- 
ing the intestinal epithelium as a compart- 
ment that enforces lymphocyte plasticity. 
CD4,,.,, are implicated in various immune 
responses, including tolerance to dietary 
antigens (4). They originate from CD4* T 
helper cells in the intestinal lamina pro- 
pria, and can produce interferon-y (IFN-y), 
a cytokine that triggers immune responses 
to infection, as well as promote cytoly- 
sis. Differentiation of T cells into CD4,,,, 
is governed by the reduced expression of 
ThPOK (T helper-inducing POZ/Kruppel 
factor), a transcription factor that drives 
the CD4* T helper cell program. More- 
over, increased expression of Runx3 (runt- 
related transcription factor 3) drives the 
CD8* T cell program, i.e. IFN-y production 
and cytolysis (5, 6). CD4,,,. in the intestinal 
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T cell conversion 


In the presence of microbiota, alee convert into CD4,.,. 


via altered expression of the transcription factors ThPOK, Foxp3, 


Runx3, and T-bet. This results in the expression of cell surface proteins (CD80, 2B4, and CRTAM), which may support 


localization of CD4 


it, (0 the epithelium. 


Stimulation 
Environmental cues 
from microbiota 


Migration 
Foxp3* Tregs migrate 
to intestinal epithelium. 


In germ-free mice, trigger Tregs to 
ThPOK prevents rapidly convert 
conversion. into CD4|ELs. 


Down-regulation 
Runx3 and T-bet 
cooperate in 
turning off TRPOK 
and Foxp3. 


Regulation 
CD4je,., control 
local inflammation 


and tolerance to 
dietary antigens. 


epithelium are sustained by retinoic acid 
and transforming growth factor Bp (TGFB), 
which promote Runx3 expression (6). 

Sujino et al. defined the localization and 
migration of TS [those expressing the tran- 
scription factor forkhead box P3 (Foxp3)] in 
the small intestinal mucosa by intravital 
multiphoton microscopy. Experiments were 
performed in a mouse model that allows in- 
ducible tracing of Foxp3* cells by marking 
cells that currently express Foxp3 as well as 
cells that once expressed Foxp3 (ex-Foxp3). 
Although Foxp3* cells were largely present 
in the lamina propria, some migrated into 
the intestinal epithelium, but not vice versa. 
Given that Foxp3* Ds are barely detectable 
in the intestinal epithelium ex vivo, this 
suggested that the epithelial Foxp3* cells 
might rapidly convert into another T cell 
subtype (see the figure). 

To determine whether these T cell dynam- 
ics were associated with changes in ThPOK 
expression, Sujino et al. used a transgenic 
mouse model in which all CD4* T cells ex- 
press an ovalbumin-specific T cell receptor 
(OTII T cells) and also express a fluorescence 
reporter for ThPOK. Mice fed ovalbumin had 
OTI T cells with reduced ThPOK activity, 
found mostly in the intestinal epithelium. 
The authors further found that a large per- 


centage of ex-Foxp3* T cells in the intestinal 
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epithelium expressed low amounts of ThPOK. 
Thus, fia are plastic within the intestinal 
epithelium and can convert into CD4,,,.. 

Does the gut microbiota affect Te plas- 
ticity in the intestinal epithelium? Germ- 
free mice had more intestinal Foxp3* aes 
than specific-pathogen-free mice, but very 
few CD4,,,.. The frequency of ThPOK- 
expressing T cells in the epithelium was 
also greater in germ-free mice. Treatment 
of mice with antibiotics impaired conver- 
sion of Ties into CD4,,.. Thus, the gut mi- 
crobiota destabilizes Ts in the intestinal 
epithelium. Interestingly, when OTII trans- 
genic mice were treated with antibiotics, 
repeated antigenic stimulation of intesti- 
nal OTII T cells with dietary ovalbumin (a 
model of dietary antigens) overcame the 
requirement for microbiota. Thus, conver- 
sion of Treas in the intestinal epithelium de- 
pends on antigenic stimulation. 

Sujino et al. interrogated the impact of 
ake plasticity on the intestinal immune 
response to dietary antigens. Ovalbumin 
was fed to OTII transgenic mice in which 
CD4* T cells were prevented from generat- 
ing CD4,,,.. Antigenic challenge resulted in 
diarrhea. Ovalbumin was also fed to OTII 
transgenic mice engineered to have fewer 
T... and more CD4 Despite decreased 


regs 7. : 7 TELs* Z 
T <2 DO intestinal intolerance to ovalbumin 


re; 
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was detected. Thus, CD4,,,. can control lo- 
cal intestinal inflammation. Moreover, ov- 
albumin challenge of transgenic mice that 
could not generate ie (because of a muta- 
tion in Foxp3 in OTII T cells) did not cause 
inflammation and diarrhea unless CD4,,,, , 
were also depleted (by injecting mice with 
an anti-CD8 antibody). Thus, ses and 
CD4,,,,, have complementary roles in toler- 
ance to dietary antigens. 

Although some plasticity of Tig had been 
previously reported in other settings (7, 8), 
the study by Sujino et al. conclusively dem- 
onstrates that the intestinal epithelium is 
a compartment that supports the plastic- 
ity of is, and converts them into CD4,,, . 
This finding opens exciting new research 
avenues. Whereas TGF and retinoic acid 
produced by intestinal epithelial cells and 
dendritic cells may be among the crucial sig- 
nals that trigger this conversion (6, 9), the 
impact of defined microbial antigens and 
metabolites remains to be determined (J0, 
11). The cytokine interleukin-15 (IL-15) in the 
intestinal epithelial microenvironment also 
seems to contribute to certain CD4,,, func- 
tions, such as cytolysis (5). Besides Runx3 
and the T-box transcription factor T-bet, 
other transcription factors may contribute 
to CD4,,, differentiation and function. The 
induced expression of certain cell surface 
molecules, such as CRTAM (class I ma- 
jor histocompatibility complex-restricted 
T cell-associated molecule) and 2B4 (12), 
may be particularly important in sustain- 
ing CD4,,, location. More studies will be re- 
quired to examine CD4,,, functions. 

Although the study of Sujino et al. dem- 
onstrates a function of CD4,,,, in tolerance 
to dietary antigens, it is not clear how this 
function is carried out. Moreover, given that 
CD4,,,, produce IFN-y and that IFN-y can 
induce dysbiosis (13), CD4,,,, may contrib- 
ute to pathology if inappropriately stimu- 
lated by IL-15 (/4) or other stimuli. The 
study of CD4,,.., in humans has just begun 
(15) and is likely to rapidly progress in both 
physiological and pathological settings. ® 
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CLIMATE CHANGE 


How climate change affects 
extreme weather events 


Research can increasingly determine the contribution 
of climate change to extreme events such as droughts 


By Peter Stott)? 


uman-induced climate change has led 
to an increase in the frequency and in- 
tensity of daily temperature extremes 
and has contributed to a widespread 
intensification of daily precipita- 
tion extremes (J, 2). But has it also 
made specific extreme weather and climate 
events—such as floods, droughts, and heat 
waves—more likely? Although it has been 
said that individual climate events cannot be 
attributed to anthropogenic climate change 
(3), a recent assessment by the National 
Academies of Science concludes that “this 
is no longer true as an unqualified blanket 
statement” (4). Robust event attribution can 
support decisions such as how to rebuild af- 
ter a disaster and how to price insurance by 
quantifying the current risk of such events. 

The first annual report explaining ex- 
treme events of the previous year from a 
climate perspective was published in 2011 
with six contributions (5). The latest report 
explaining events of 2014 (6) included 32 
papers looking at 28 different events from 
all seven continents, covering a greatly in- 
creased range of event type, location, and 
impact. According to the National Acad- 
emies of Science, this rapidly advancing sci- 
entific capability now makes it possible to 
“make and defend quantitative statements 
about the extent to which human-induced 
climate change has influenced either the 
magnitude or the probability of specific 
types of event or event classes” (4). 

Most researchers use one of two methods 
for event attribution. In the first, they per- 
form coupled climate model runs to simulate 
the likely evolution of climate with and with- 
out anthropogenic climate change (see the 
figure, top panel). They then choose a suit- 
able index (such as seasonal mean tempera- 
ture over a particular region) and calculate 
the likelihood of exceeding this index with 
and without climate change. For example, 
Sun et al. used this method to analyze the 
summer of 2013, the hottest on record in 
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eastern China. They found that the likelihood 
of such extreme temperatures had increased 
by a factor of >60 as a result of human- 
induced climate change (7). 

In the second method, researchers gener- 
ate large ensembles of atmosphere-only mod- 
els that sample the occurrence of the rare 
event of interest (such as rainfall in a river 
basin exceeding an extreme value), given ob- 
served sea surface temperature conditions 
(see the figure, bottom panel). They then 
compare the return periods of such events in 
ensembles with and without anthropogenic 
climate and calculate their changed likeli- 
hood. Using this method, Schaller et al. found 
no evidence that human-induced climate 


change had made the extreme precipitation 
in the Upper Danube and Elbe basins in May 
to June 2013 more likely (8). 

A further proposed method assumes that 
the circulation regime or weather event is 
unchanged and determines whether climate 
change has altered its impact—for example, 
through altering the thermodynamic state of 
the atmosphere (9). A conditional approach 
to attribution can be helpful. Indeed, the 
second method described above estimates 
how the risk of events has changed, assum- 
ing that large-scale patterns of sea surface 
temperatures due to natural variability (for 
example, associated with El Nifio or La Nina 
conditions) remain unchanged. But to relate 
recent events to their future likelihood of oc- 
currence, attribution assessments cannot ig- 
nore the effects of circulation changes. 

Attribution findings related to extreme 
temperature events tend to show much 
stronger evidence of human influence than 
for other types of events. This is because 
there tends to be a wealth of data on extreme 
hot and cold events, they can be captured 
accurately by models, and their relationship 
with anthropogenic climate change is usually 
well simulated. In contrast, extreme rainfall 


Robust event attribution 


Scientists use two main approaches to determine the contribution of climate change to extreme weather events. 


Approach 1 


Observed and modeled temperature changes 
Scientists compare changes in observed tempera- 
tures to modeled temperatures with or without 
human influence on climate. 


Distribution of possible temperatures 

They use this comparison to assess how likely 
the observed temperatures are with and without 
human-induced climate change. 
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Observed and modeled rainfall distributions 
Researchers look for rainfall events in the large 
ensembles of model runs that are similar to the 
observed rainfall event. 


Observed 


Modeled 
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Return times for extreme rainfall events 
They determine return times for such events in 
large model ensembles of model runs with and 
without human-induced climate change. 
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events are often poorly observed, models 
can fail to represent them adequately, and 
their relationship with climate variability 
and change is often not well understood (4). 
Improved climate models, observational data 
sets, and theoretical understanding will be 
needed to improve the reliability of attribu- 
tion findings for such events. 

Recent initiatives, including the Euro- 
pean project EUCLEIA (European Climate 
and Weather Events: Interpretation and 
Attribution) and the World Weather Attri- 
bution effort, seek to develop the science of 
event attribution. For such science to help 
societies become more resilient to climate 
variability and change, event attribution 
results need to be credible and relevant 
(10). Further improvements are needed in 
techniques for analyzing extreme events, 
tools to evaluate and communicate the ro- 
bustness of event attribution results (17, 12), 
and methodologies to link the effects of ex- 
treme events to their meteorological drivers 
(13). A model-based result by itself does not 
guarantee its utility (3). A convincing physi- 
cally based storyline describing the event 
and its effects is also needed to support the 
legitimate use of such information for ro- 
bust decision-making (14). 

The increasingly routine nature of some 
temperature-based studies points the way 
toward an operational attribution capabil- 
ity in which trusted providers issue routine 
updates on recent events (15). The National 
Academies of Science recommended that 
such a capability be linked to the provision 
of probabilistic forecasts of extreme events 
at lead times of days to seasons or longer 
(4). Placing recent extreme events in the 
context of past and future climate variabil- 
ity and change would enhance the ability of 
societies to manage weather and climate- 
related risks. & 
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Corals’ microbial sentinels 


The coral microbiome will be key to future reef health 


By Tracy D. Ainsworth! and Ruth D. Gates” 


n 2005, Pandolfi et al. (1) asked whether 
U.S. coral reefs would in the future be 
overgrown and dominated by algae as 
a result of rapid change in the marine 
environment. Over a decade later, an 
increasing number of reefs worldwide 
have declined, and severe and lasting envi- 
ronmental changes are altering the compo- 
sition of coral reefs that were once pristine 
and resilient. In the past 2 years, many 
reefs around the world have suffered from 
repeated bleaching (see the photo) as a re- 
sult of high water temperatures caused by 
a strong El Nifio event combined with cli- 
mate change. Corals that survive the mul- 
tiple impacts of climate change and local 
disturbance will form the basis of future 


Microbiome shifts 


= 


he shifting microbial complexity indicates the impact of climate 
change on the coral microbiome, host health, and population stability 
on coral reefs. The challenge to coral research is to understand the 
microbial contribution to alternate stable states on coral reefs. 


reefs that will differ in fundamental ways 
from those considered healthy today (2). 
Changes to the coral microbiome on these 
reefs will play a vital part in future coral 
reef health (see the figure). 

Microbial communities play central roles 
in animal health and ecosystem stability. 
Factors such as nutritional status, stress 
response, and disease are linked to shifts 
in the taxonomic composition of—and the 
interactions between—microbiomes and 
their hosts (3). There are also correlations 
between an organism’s life span and its 
microbial complexity, structure, and func- 
tion (4). Corals form integral and function- 
ally important symbioses with prokaryotic 
microbes (forming a core symbiotic micro- 
biome) (5). The implications of altered pro- 
karyotic microbial partnerships for coral 
reefs are difficult to predict 
because little is known about 
the functional complexity of 
the undisturbed coral micro- 
biome. However, knowledge 
from other systems suggests 
that altered microbiomes, rep- 
resenting a new stable state 


Microbiome after disturbance, impair the 
Saueaanes cle a> host’s metabolic state, disease 
he health ofahighly | , : : 
diverse reef ecosystem resistance, and functional 
is supported by a capacity (6). 


complex microbiome. 


Degraded state 
After disturbance, 
diversity of corals, 
fish, and microbiome 
is reduced, lowering 
resilience. 


Alternate algal state 
An algal-dominated 
ecosystem without 
living corals has a 
different microbiome. 
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One of the most extreme 
examples of the impacts of 
environmental stress on coral 
function is bleaching. Tem- 
perature stress of only 1°C 
above the physiological upper 
limit, as seen on coral reefs 
worldwide in the past 3 years, 
causes tropical reef corals to 
bleach. Bleaching reflects a 
reduced density of endosym- 
biotic algae (belonging to the 
dinoflagellate genus Symbio- 
dinium) in the coral tissues. 
When these nutritionally 
beneficial endosymbionts are 
lost, coral health suffers and 
nutritional resources are de- 
pleted. These effects continue 
as long as adverse tempera- 
ture conditions persist and 
can ultimately lead to the 
death of the coral. 

In corals that bleach but 
survive, external conditions 
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must return to normal for the repopulation 
of endosymbiotic algae and regeneration 
of the host tissue to occur. The drastic im- 
pact of bleaching on the coral animal and, 
ultimately, its microbiome can influence 
the immune system, alter the metabolic 
capacity, and impair the stress resistance 
of the surviving corals. Maintaining and/ 
or reestablishing crucial functional contri- 
butions from the prokaryotic microbiome 
after events such as bleaching are key to 
coral survival, recovery, and prevention of 
disease. A microbial signature dominated 
by pathogens has been associated with 
bleaching mortality (7, 8), whereas in corals 
that survive bleaching, there is no rise in 
primary pathogens (8, 9). For example, of 
over 25,000 bacterial phylotypes identified 
on surviving Acroporid corals, only 14 bac- 
teria of the pathogenic Vibrio genera were 
found; these pathogens were associated 
with just 2 of the 63 corals analyzed (10). 

A shift toward a phylogenetically and 
functionally less diverse core symbiotic 
microbiome after bleaching, and in cata- 
strophic stress survivors, would indicate 
the formation of a new metaorganism. As 
seen in other systems, new stable-state 
metaorganisms have altered functional ca- 
pacity that can influence life history. In cor- 
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als, the loss of beneficial bacteria has been 
linked to the development of lesions and 
tissue necrosis (11, 12). Such changes to the 
surviving adult coral microbiome are likely 
to have far-reaching implications, includ- 
ing intergenerational impacts, as has been 
found in other organisms (73). As outlined 
by Pandolfi et al. (2), many factors shift the 
balance between survival and mortality on 
reefs. The influence of these environmen- 
tal factors on the coral microbiome is not 


“The emergence of new 
ecosystem norms on coral 
reefs will be underpinned by 
changes to the microbiome....” 


yet accounted for in estimates of coral re- 
sponse to climate change (14, 15). 

The coral microbiome is a critical ele- 
ment to the health of the corals that can 
influence the reef-wide response to growing 
environmental pressures. The emergence 
of new ecosystem norms on coral reefs will 
be underpinned by changes to the micro- 
biome and the microbial contribution to 
organism health and stress resistance, un- 
der new environmental norms. Account- 
ing for the influence of microbes in coral 
ecosystem stability will require an advance 
in our fundamental understanding of the 
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Stress response. The past 

2 years have seen widespread 
bleaching in coral reefs 
around the world, as shown 
here in the Maldives. 


establishment, diversity, and complexity of 
prokaryotic symbioses. Differentiating the 
elements of the microbiome that signify a 
loss of functional redundancy, altered stress 
resistance, mortal states (such as the rise of 
opportunistic microbes and primary patho- 
genesis), and disease will be crucial. & 
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When the universe became dusty 


Observations from high-redshift galaxies reveal details of early universe evolution 


By Carlos De Breuck 


bservations of the most distant gal- 

axies known are now reaching into 

the epoch when the first generations 

of stars were being formed. As stars 

are the main factories of elements 

heavier than hydrogen and helium, 
one also expects to see a reduced abundance 
of these heavy elements and of the 
dust that condenses out of them. Re- 
cent observations of galaxies within 
1 billion years of the Big Bang have 
shown that the far-infrared (far-IR) 
emission from dust in these galaxies 
indeed becomes fainter. Also, the usu- 
ally strong far-IR emission line from 
ionized carbon remains undetected 
in an increasing number of galaxies 
of redshift z > 7 (1-3). Hence, it has 
been assumed that detailed studies 
of the interstellar medium (ISM) in 
these galaxies will be very challeng- 
ing, even with the powerful Atacama 
Large Millimeter/submillimeter Array 
(ALMA). On page 1559 of this issue, 
Inoue et al. (4) detect doubly ionized 
oxygen at a rest wavelength of 88 um 
from a galaxy at z = 7.2, where neither 
dust nor ionized carbon was detected. 
The oxygen to far-ultraviolet luminos- 
ity ratio in this galaxy is similar to 
nearby dwarf galaxies with an oxy- 
gen abundance of 10 to 60% that of 
the Sun (5), which suggests that some 
substantial chemical enrichment has 
already occurred. However, the similarities 
stop there; in dwarf galaxies, the dust and 
ionized carbon lines are not as faint. It ap- 
pears that the dust in this young galaxy may 
not have formed yet, or that it was destroyed, 
for example, by supernova shock waves. 

As in several other galaxies at similar red- 
shifts (3), there is an indication that faint 
ionized carbon is detected a few kiloparsecs 
from the galaxy. These offsets have been 
explained in galaxy evolution models (6) 
and are consistent with the idea that the 
first generations of stars disrupt the central 
parts of primordial galaxies from the inside, 
while the outer regions are still seen as they 
trace the accreting gas fueling the stars. This 
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effect is further strengthened by the low 
amounts of heavy elements and dust that 
normally shield the molecules inside gas 
clouds from the highly energetic photons 
emitted by the young stars. In slightly less 
distant galaxies of similar mass at zg = 5 to 6, 
the carbon emission is already detected, but 
the far-IR dust emission still appears an or- 
der of magnitude fainter than in zg < 3 galax- 


Dust building up. Gas density distribution of the simulated z ~ 7 galaxy 
“Dahlia,” similar to the one observed by Inoue et al. (4). The image is 5 
arc sec ona side, corresponding to about 30 kpc. Note that the gas in 
Dahlia is distributed in a disklike structure; note also the large number of 
infalling satellites (14). 


ies that have nearly solar fractions of heavy 
elements (7). It thus appears that the epoch 
around zg = 6 is a key moment in the history 
of the dust production in typical galaxies, 
where sufficient heavy elements have been 
produced to allow the dust to survive the 
strong ultraviolet radiation field from the 
very energetic young stars. 

The appearance of dust is a lot faster in 
more massive galaxies. Recent observations 
with ALMA and the Plateau de Bure Inter- 
ferometer of the Institut de Radio Astrono- 
mie Millimetrique of quasars at 6.6 < z < 
7.1 show strong detections in both the dust 
and carbon line (8), and dusty star-forming 
galaxies selected by means of their copious 
dust emission have now also been found at 
similar redshifts. They also emit strong car- 
bon (9, 10) and oxygen (17) lines. The dust 
production in these galaxies thus appears 
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to be more efficient (72), and/or the more 
massive host galaxies are more efficient in 
preventing the destruction of the dust by 
the massive young stars. 

To understand the different evolution of 
these normal and more massive galaxies, 
further information on their ISM is essential. 
Because of the high redshift of these objects, 
they can no longer be detected with optical 
telescopes, and these galaxies are of- 
ten too faint to detect any other line 
than Lyman-a with ground-based 
near-IR instruments. Deep integra- 
tions with the soon-to-be-launched 
James Webb Space Telescope would be 
required to detect these faint tracers 
of heavy elements. 

Good alternatives are the far-IR 
fine-structure lines from carbon, 
nitrogen, and oxygen, which can 
normally only be observed from 
space. At g > 5, these lines conve- 
niently shift into the atmospheric 
windows that can be observed from 
the ground with ALMA. Combined 
studies of these lines can constrain 
the ionization state, gas density, 
temperature, and even the amount 
of heavy elements. Modeling of the 
ionized gas regions with varying 
amounts of heavy elements shows 
that the 88-um oxygen line remains 
the strongest among the bright far- 
IR fine structure lines (73). The far- 
IR oxygen line detection of Inoue et 
al. thus shows that the future of ISM 
studies of galaxies in the epoch of reioniza- 
tion is very promising. 


REFERENCES AND NOTES 


. M.Ouchietal., Astrophys. J. 778, 102 (2013). 

. D.Schaerer etal., Astron. Astrophys. 574, A19 (2015). 

. R.Maiolino etal., Mon. Not. R. Astron. Soc. 452,54 (2015). 

A.K.|noue et al., Science 352, 1559 (2016). 

. D.Cormier et al., Astron. Astrophys. 578, A53 (2015). 

. L.Vallinietal., Astrophys. J. 813, 36 (2015). 

P.Capak etal., Nature 522, 455 (2015). 

B.Venemans et al., Astrophys. J.816, 37 (2016). 

. D.Riechers et al., Nature 496, 329 (2013). 

. B.Gullbergetal., Mon. Not. R. Astron. Soc. 449, 2883 
(2015). 

ll. C.Ferkinhoff et al., Astrophys. J. 714, L147 (2010). 

12. M.Mancinietal., Mon. Not. R. Astron. Soc. 451, L70 (2015). 

13. A.|Inoue etal., Astrophys. J. 780, L18 (2014). 

14. S.Galleraniet al., http://arxiv.org/abs/1604.05714 (2016). 


DOMNIDHRWNHE 


an 


ACKNOWLEDGMENTS 
Supported by NSF grant NSF PHY11-25915. 


10.1126/science.aaf9761 


sciencemag.org SCIENCE 


PHOTO: ANDREA PALLOTINI 


Downloaded from http://science.sciencemag.org/ on June 28, 2016 


GRAPHIC: C. BICKEL/SCIENCE 


ORGANIC DEVICES 


Avoid the kinks when measuring mobility 


Transistor measurements can overstate organic semiconductor charge carrier mobility 


By Iain McCulloch,'? Alberto Salleo,* 
Michael Chabinyc* 


he ability to make flexible electron- 
ics enables us to envision new types 
of devices such as durable displays, 
implantable bioelectronics, and sen- 
sors seamlessly integrated in everyday 
items (7). Furthermore, the power and 
flexibility of organic chemistry to design new 
semiconductors has been a strong driver for 
an unprecedented effort in materials develop- 
ment worldwide (2). A key materials param- 
eter is the mobility of charge carriers, which 
is often determined by building a field-effect 
transistor (FET) with the material. We out- 
line why such measurements, which are in- 
direct and depend on the appropriate use of 
device models, only provide apparent mobili- 
ties that can, in some cases, overstate the real 
values by more than an order of magnitude. 
Electronic devices operate by control- 
ling how charge carriers—electrons and 
holes—move through semiconductors, and 
higher carrier mobilities lead to faster cir- 
cuitry. Carrier mobility is the first materials 
property measured to benchmark improved 
performance of new organic semiconduc- 
tors. Targeted mobility values in FETs, often 
considered the building blocks of electronic 
circuits, are on the order of 10 cm? V" s? or 
larger. Accurate mobility values are needed 
by synthetic chemists to validate molecular 
design concepts aimed at improving charge 
transport and by circuit designers to ensure 
that devices can perform their functions. 
Nonetheless, a correct measurement of 
carrier mobility in organic semiconductors 
has proven challenging (3, #4). Organic semi- 
conductors are van der Waals solids with 
weak intermolecular interactions and strong 
structural anisotropy, so their properties are 
at the edge of the applicability of well-known 
transport models developed for inorganic 
semiconductors (5). Furthermore, the pres- 
ence of disorder and nonconventional trans- 
port mechanisms has severely limited the use 
of common techniques such as the measure- 
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ment of the Hall voltage. Finally, the strong 
dependence of mobility on thin-film micro- 
structure, originating from specific fabrica- 
tion conditions, compels experimentalists to 
measure these electronic properties in the 
actual devices of interest rather than in ideal- 
ized model structures. 

As a result, carrier mobility is often mea- 
sured in FETs. However, transistor char- 
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describe the dependence of the device cur- 
rent on charge density, which is in turn 
controlled by the voltage on the gate elec- 
trode. Mobility is calculated by making use 
of the ideal gradual-channel approxima- 
tion, which was sufficient in the early de- 
velopment of organic electronics when the 
current was limited by the organic semi- 
conductor. For newer, high-performance 


Transistor architecture 


Source 


Current flows from 
source to drain 


_ 


Dielectric 


Drain 


A misleading kink. (A) An example of the “kink-down” feature exhibited in the nonideal transfer characteristics of 

a rubrene small-molecule semiconductor device [reproduced from (8)]. The difference in the extracted apparent 
mobility of the two regions of the plot is shown as red and blue extrapolations. The true mobility of the semiconductor 
is closer to the value in blue. (B) Illustration of a FET architecture, with bottom gate, top contacts (light gray), dielectric 


(red), semiconductor (blue), and substrate (dark gray). 


acteristics only provide a current-voltage 
relation that aggregates contributions from 
many factors present in a device, including 
charge injection and carrier concentration 
effects, and do not directly measure carrier 
mobility. In principle, detailed modeling is 
needed to extract the mobility rigorously, 
but the most popular transistor model used 
in organic electronics relies on the gradual- 
channel approximation, which posits a sim- 
ple carrier distribution comprising only one 
type of carrier in the channel and neglects 
contact effects. The characterization of an 
FET based on a fit to a particular model 
provides an “apparent mobility of carriers 
in a device,” and the numbers are meaning- 
ful only if device operation conforms to the 
model’s assumptions. 

The carrier mobility is frequently de- 
rived from transfer characteristics, which 
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materials, the organic semiconductor, in 
many cases, is not the limiting factor. The 
emergence of this new condition is appar- 
ent in many recent reports (6-8), where 
substantial nonidealities in the characteris- 
tics of FETs are observed. The typical mani- 
festation of this nonideality is the existence 
of a downward kink in the transfer charac- 
teristics of the FET, as shown in the figure, 
as well as a pronounced dependence on the 
history of electrical biasing of the device. 
Recently, several groups have taken a 
closer look at some irregularities in the 
characteristics of previously reported high- 
performance organic FETs, drawing the 
common conclusion that the conventional 
methods to extract carrier mobility cannot 
be used when devices exhibit nonideal char- 
acteristics (9-11). For example, deviations 
from ideal behavior have been observed 
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with polymers where both electrons and 
holes can be injected into the channel of the 
device. Localized electron trapping near one 
contact invalidated a key assumption of the 
gradual-channel approximation. The use of 
the simple transistor equations resulted in 
an overestimation of the hole mobility by 
a factor exceeding 20, 14 cm? V™ s1, rather 
than a more likely value of 0.6 cm? V™ s* (10). 
Another type of nonideality occurs when 
non-ohmic injection from the electrodes 
generates a gate-bias dependence of the con- 
tact resistance. Single-crystal rubrene FETs 
with severely non-ohmic contacts also led to 
an overestimation of the mobility by more 
than an order of magnitude (9). 

Without a robust and reliable method to 
determine carrier mobility as an intrinsic 
materials property, chemists dedicated to the 
synthesis of improved organic semiconduc- 
tors can easily pursue erroneous design prin- 
ciples based on inaccurate literature values 
of mobility. For example, notable instances of 
these nonidealities are observed in the char- 
acteristics of recent polymers synthesized 
from a highly polar, electron-deficient dik- 
etopyrrolopyrrole (DPP) conjugated mono- 
mer (72). This repeat unit generates a high 
electron affinity that can facilitate electron 
injection in hole-based devices, thereby inval- 
idating the use of formulas derived from the 
gradual-channel approximation to extract 
mobility. Molecular design principles for 
this class of polymers developed from these 
mobility values may thus be unsubstantiated 
and, in fact, impede an understanding of the 
fundamental structure-property relations. 
Furthermore, high mobilities obtained from 
nonideal characteristics may set erroneous 
benchmarks for device design. Until better 
models and solutions to eliminate nonide- 
alities are found, the best prescription is con- 
servatism on absolute metrics and trends, 
particularly with small differences in electri- 
cal properties, as suggested in a number of 
recent commentaries (13). 
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Capitalizing on convergence 


for health care 


Integrate physical sciences, engineering, and biomedicine 


By Phillip Sharp, Tyler Jacks, 
Susan Hockfield* 


or decades, scientists have called for 
more collaboration between the life and 
physical sciences, and in the past 5 years, 
we have been among those calling for 
a new national research strategy—one 
we call “convergence’—that would inte- 
grate engineering, physical, computational, 
and mathematical sciences with biomedical 
science (1). Thanks to the accelerating pace 
of biological discovery, the expanding power 
of computation, and a new focus 
in engineering on biocompatible 
materials and nanotechnology, 
the potential of such a strategy for advances 
in health care is greater than ever (see the 
photo). Technologies emerging from such ef- 
forts have potential implications far beyond 
health care: creating jobs; speeding products 
to market; and improving everything from 


POLICY 


“The report recommends...an 
interagency working group 
on convergence with NIH, 
NSE, Department of Defense, 
FDA, and DOE....” 


agriculture and the environment to defense, 
the economy, and energy production. It all 
adds up to a moment of unprecedented op- 
portunity, if we choose to invest in it mean- 
ingfully. But so far we have not. We detail 
below, and in greater depth in a new report 
with colleagues from across the country (2), 
the stakes in the convergence revolution and 
what we should do to capitalize on it. 
Convergence and interdisciplinary re- 
search are closely allied, but convergence 
goes beyond collaboration. It involves inte- 
gration of historically distinct disciplines and 
technologies into a unified whole that creates 
new pathways and opportunities. It is this 
integration that offers potentially revolution- 
ary change for biomedical sciences. Consider 
the changes resulting from the 20th century’s 
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great convergence, which brought together 
physical sciences and engineering and which 
gave us tools that have reshaped our world— 
radios, telephones, cars, planes, computers, 
nuclear power, satellites, and the Internet. 
We can promote another era of transforma- 
tional tools and technologies in health care if 
we invest in and commit our agencies, insti- 
tutions, and ingenuity. 

Yet only 3% of the principal scientists re- 
ceiving research grants today from the U.S. 
National Institutes of Health, the major 
source of research funding for biomedical sci- 
ence, come from physics, biophysics, math- 
ematics, engineering, or bioengineering (3). 
The National Institute of Biomedical Imag- 
ing and Bioengineering (NIBIB, NIH), which 
is primarily focused on convergence-related 
research, has a 2016 budget just short of $345 
million (4). That amounts to only ~1% of the 
total NIH budget. Among federal agencies, 
the National Science Foundation (NSF) is 
the primary source of support for basic en- 
gineering and physical sciences, but the level 
of funding in the convergence of these disci- 
plines with biomedical science is miniscule, 
because NSF has historically deferred to NIH 
on medical research (5, 6). Although other 
federal agencies—such as the Department of 
Energy (DOE), Defense Advanced Research 
Projects Agency (DARPA), and Food and Drug 
Administration (FDA)—are beginning to rec- 
ognize the promise of convergence, to date, 
no federal agency or office has the primary 
responsibility to promote the convergence 
of engineering, physical, and mathematical 
sciences with biomedical sciences. Difficulty 
in securing federal funding for projects that 
cross disciplines has impeded progress. 


HOW FAR HAVE WE COME? Although in- 
vestment has been far too modest in our 
view, we applaud efforts already under way 
that can serve as models and test beds for 
efforts to come. Several federal agencies 
have embraced convergence initiatives. The 
NIBIB has been awarding convergence- 
related grants since 2002. DARPA launched 
a Biological Technologies Office in 2014 to 
harness “the power of natural systems” as 
it develops smart prosthetics and strate- 
gies to combat brain disorders and infec- 
tious disease. The recently launched BRAIN 
Initiative (7), designed to revolutionize our 
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Convergence at work. Microfabricated device by Stephen Quake, Stanford University, for sequencing DNA from one sperm. 


understanding of the human brain, and 
the Precision Medicine Initiative (8), which 
aims to use big data analytics to evaluate 
information about disease at the level of 
individuals, both have built the interdisci- 
plinary potential of convergence into their 
research models. The same is true for the 
recent National Microbiome Initiative (9). 
These initiatives have been encouraged by 
early support from foundations such as 
Kavli, Howard Hughes, Raymond and Bev- 
erly Sackler, and Simons and from the Bur- 
roughs Wellcome Fund. 

Several academic institutions have made 
promising commitments to convergence in 
the recent past. Northwestern University’s 
International Institute for Nanotechnology 
has brought together chemistry, bioscience, 
and engineering to develop tools for nano- 
medicine and nano-oncology. At the Univer- 
sity of California, the California Institute for 
Quantitative Biosciences applies the tech- 
niques of physics, chemistry, and computer 
science to challenges of molecular biology. 
The Wyss Institute for Biologically Inspired 
Engineering at Harvard crosses disciplinary 
and institutional lines to develop innovative 
engineering solutions, commercial products, 
and therapies in multiple fields. At Massa- 
chusetts Institute of Technology (MIT), the 
David H. Koch Institute for Integrative Can- 
cer Research has brought together engineers, 
biologists, and clinical oncologists to develop 
new insights and create tools to better diag- 
nose, treat, and prevent cancer. 

These programs, along with many others 
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like them, are uncoordinated and modest in 
the big picture but have already generated 
impressive results (2). Dozens of companies 
have been spun out, many with products now 
in clinical trials: nanoparticles that home in 
on cancer cells to deliver chemotherapy di- 
rectly, imaging technologies that allow sur- 
geons to more accurately spot and remove 
cancer cells, and much more. These efforts 
have the important benefit of training a gen- 
eration of scientists and engineers across dis- 
ciplines to become facile and conversant in a 
range of fields in order to take full advantage 
of opportunities. 

Many businesses have also moved into this 
space. Verily (formerly Google Life Sciences) 
is combining genomics with high-content 
and high-resolution imaging to develop in- 
dividualized treatments based on biological, 
genetic, behavioral, and environmental data. 
Companies such as Apple, IBM, and Micro- 
soft have invested and brought to market in- 
novations that allow people and institutions 
to track and monitor individual health, fit- 
ness, and disease. 


HOW CAN WE GO FURTHER? Despite 
these indicators of progress, there is rea- 
son for concern, and there are lessons to be 
learned. The new report makes several rec- 
ommendations to improve and accelerate 
convergence: a substantial and sustained 
increase in federal funding for biomedical 
research that explicitly targets funds for 
convergence programs; a revision of grant- 
review mechanisms to include expertise 
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from engineering, computation, and physi- 
cal sciences; and, at colleges and universi- 
ties, a realignment of academic structures 
to facilitate research and educational col- 
laborations among biologists, clinicians, 
mathematicians, physicists, engineers, and 
computational scientists. The NIH will have 
a major role to play: It should aggressively 
develop convergence-technology strategies 
and recruit mathematicians, engineers, 
physicists, and computational scientists 
to apply their expertise to our biomedical 
challenges, in both fundamental and ap- 
plied research. Although several federal 
agencies have already embarked on pro- 
grams that embrace convergence, these ef- 
forts should expand. We are encouraged by 
NSF’s new convergence-research emphasis 
and its planned changes to its grant reviews 
and new education models to support con- 
vergence models. 

Big things will happen if we can align ob- 
jectives across disciplines and provide fund- 
ing and programs to foster working together. 
The report recommends creating an inter- 
agency working group on convergence with 
NIH, NSF, Department of Defense, FDA, and 
DOE, coordinated through the Office of Sci- 
ence and Technology Policy. In addition, a 
specific strategic plan for advancing biomed- 
ical science through convergence patterned 
on the Nanotechnology and Plant Genome 
initiatives should be developed. NIH’s Com- 
mon Fund mechanism should support con- 
vergence across multiple institutes and 
centers. Federal agencies should consider 
more traineeships with convergence research 
tracks and on a larger scale. Transformation 
of biomedical and health care by convergence 
depends on openness to change and the will 
to work together. This is clearly emerging but 
needs to be further strengthened. & 
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HUMAN REPRODUCTION 


Making babies 


Advances in genetics introduce new promise 
and perils into the business of being born 


By Dov Greenbaum 


n the 200 years since the genesis of 
Mary Shelley’s Frankenstein, many have 
found the story to be a useful source of 
metaphors for rebuffing efforts to extend 
science beyond society’s comfort zones. 
Perhaps the clearest example is the wide- 
spread application of the “Franken” prefix as 
a tool to reflect a prevalent uneasiness with 
areas of science research that seem instinc- 
tively “wrong.” However, perhaps a more 
apt metaphor can be found in the 1931 film 
adaptation’s enraged mob. Here, seemingly, 
without second-guessing their sources, the 
townspeople set out to destroy the monster. 
Despite extraordinary advances in recent 
years, and substantial research supporting 
its safety and efficacy, there remain large 
and loud factions who not only are fearful 
of the use of genetic technologies in modern 
medicine but also actively campaign to pre- 
vent further advancements and applications. 
Two authors have recently tried to en- 
lighten readers on this topic: Paul S. Knoep- 
fler, a prolific blogger and well-known stem 
cell researcher at the University of Califor- 
nia, Davis, and Henry T. Greely, professor of 
law at Stanford University and director of 
the Center for Law and the Biosciences. 
Knoepfler’s GMO Sapiens is a down-to- 
earth introduction to the human use of new 


The reviewer is at the Zvi Meitar Institute for Legal 
Implications of Emerging Technologies, Radzyner Law School, 
Interdisciplinary Center, Herzliya, Israel; and Department of 
Molecular Biophysics and Biochemistry, Yale University, New 
Haven, CT, USA. Email: dov.greenbaum@yale.edu 


1524 24 JUNE 2016 « VOL 352 ISSUE 6293 


GMO Sapiens 
The Life-Changing 
Science of Designer Babies 


Paul Knoepfler 
World Scientific, 2016. 
282 pp. 


The End of Sex and 
the Future of Human 
Reproduction 
Henry T. Greely 


Harvard University Press, 
2016. 391 pp. 


genetic technologies. An easy and enjoyable 
read, the book is targeted to an audience 
that has a general interest in, but perhaps a 
minimal understanding of, science. Knoep- 
fler cautiously guides his reader through the 
emerging technologies that will allow hu- 
mans to more easily alter our genetic codes. 
Throughout, he generously sprinkles per- 
sonal anecdotes and interviews with many 
of the relevant personalities. In appreciation 
of his audience, Knoepfler provides only 
short and relatively simplified explanations 
of a number of complicated technological 
issues, including in vitro fertilization (IVF), 
stem cells, cloning, genetically modified or- 
ganisms (GMOs), CRISPR, sex selection, and 
other technologies and their applications. 
He also addresses a number of relevant legal 
concerns, including, for example, the Genetic 
Information Nondiscrimination Act (GINA). 
Perhaps best summarizing his position, in 
the penultimate chapter, Knoepfler invites 
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Cutting-edge research and technological advances 
are ushering in a new era of human reproduction. 


readers to imagine the promise of human 
genetic modification: “Totally new types of 
people could be made in such a fearless new 
world. It could be both wondrous and disas- 
trous. I am inclined to believe it would be 
more disastrous, but it is thought-provoking 
and even fun to think about the possibilities 
from a strictly hypothetical perspective.” 

Readers looking for a more in-depth anal- 
ysis of human genome modifications and re- 
productive technologies and their legal and 
ethical implications should strongly con- 
sider picking up Greely’s The End of Sex and 
the Future of Human Reproduction. Whereas 
Knoepfler’s book will make you look smart at 
your next cocktail party, Greely’s will prepare 
you to attend a professional symposium on 
human reproduction or, alternatively, a legal 
conference on the relevant bioethics. 

Greely’s breezy first-person narrative be- 
lies the extraordinary depth and impressive 
quality of information provided, both scien- 
tific and legal. He does not dumb down the 
material; rather, he expects his audience to 
look up medical and legal terminology and 
jargon themselves, when necessary. 

The End of Sex is organized into three dis- 
tinct sections, punctuated by brief interludes 
that summarize the material covered and 
outline the goals of the next section. In “The 
Science,’ Greely describes the underlying ad- 
vances in stem cell and genetics technology 
that will result in cheap, easy, and reliable 
alternatives to current technologies. “The 
Pathway” outlines Greely’s speculation about 
the eventual outcomes of these technologies. 
One particular projection involves a repro- 
duction technique that will allow for the 
relatively easy selection of a child’s genetic 
attributes, an option Greely refers to as easy 
preimplantation genetic diagnosis or “easy 
PGD. In the book’s third section, “The Impli- 
cations,’ Greely provides a thorough analysis 
of the ethical, legal, and social implications 
of easy PGD. Here, he substantially tackles 
issues including safety, family relationships, 
fairness, justice, equality, coercion, enforce- 
ment, and implementation. He also engages 
with the visceral reactions that may play a 
significant role in guiding potential poli- 
cies. Many of the tools Greely provides are 
also relevant in other bioethical questions. 

Although both books have the potential 
to empower readers to make informed deci- 
sions about the implementation of advance- 
ments in genetics technologies, it is unlikely 
that either will convince the enraged mobs 
to put aside their pitchforks. At least the 
rest of us will be better informed. 


10.1126/science.aaf8469 


sciencemag.org SCIENCE 


PHOTO: SAMI SERT/ISTOCKPHOTO.COM 


Downloaded from http://science.sciencemag.org/ on June 28, 2016 


INSIGHTS 


PHOTO: © ROGER ALLEN PHOTOGRAPHY/STOCKIMONEWS/ALAMY STOCK PHOTO. 


PUBLIC HEALTH 


The best-studied people 


on the planet 


A history of the longest-running birth cohort study reveals 
how much has been learned from the lives of 70,000 Britons 


By Alireza Salehi Nejad 


ohort studies, the empirical longitudi- 

nal research of people with a common 

characteristic, have played a crucial 

role in enhancing medical care and 

have dramatically reduced the risk 

of early death by revealing potential 
risk factors and unanticipated dangers. In 
The Life Project: The Extraordinary Story 
of 70,000 Ordinary Lives, 
Helen Pearson explores the 
world’s oldest and _longest- 
running birth cohort study, 
which has tracked the lives of 
five generations of Britons for 
seven decades. 

A few months after the end 
of World War II, researchers 
with the National Survey of 
Health and Development set 
out to record details about 
the births of almost every 
child born in England, Scot- 
land, and Wales in the first 
full week of March 1946. The 
researchers conducted elabo- 
rate interviews with a total of 
13,687 mothers, asking them 
everything from how many rooms were in 
the family’s home to how many diapers had 
been purchased for the new arrival. The 
study has been carefully following the lives 
of 5362 of those children ever since, with 
new cohorts added in 1958, 1970, 1991, and 
2000. The more than 70,000 Britons who are 
being tracked are some of the best-studied 
people on the planet. 

The Life Project draws from more than 150 
interviews that Pearson conducted with peo- 
ple involved in the project over the course 
of 5 years and is enriched with historical 
details attained from academic publications 
and historical archives. In addition to scru- 
tinizing the subjects’ health, well-being, and 
life circumstances, comprehensive survey 
data have been collected from their parents, 
teachers, school doctors and nurses, youth 
employment officers, and other administra- 
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tive sources. Blood, placental tissue, finger- 
nails, hair, and teeth have been collected 
from later cohorts, prompted by advances in 
our understanding of genetics and enthusi- 
asm for the Human Genome Project. Nearly 
1.5 million biological samples have been ar- 
chived from the 1991 cohort alone. 

Early data collected via the cohort stud- 
ies revealed that low income was a major 
source of risk to a child’s health and survival. 


Members of the first cohort celebrated their 70th birthday in March 2016. 


For example, women in the lowest socioeco- 
nomic classes were found to be 70% more 
likely to have stillborn babies than women 
of higher socioeconomic status, and children 
from poor families tended to grow more 
slowly, ending up shorter, on average, than 
their wealthier counterparts. Disadvantaged 
children were also more likely to struggle in 
school and were more likely to be under- or 
unemployed in adulthood. “It seems obvious 
today that social conditions such as pov- 
erty or poor housing should affect people’s 
health,” writes Pearson. “... [But] in an era in 
which huge swathes of the population were 
struggling to get enough to eat, the sorry 
truth is that many doctors just weren’t that 
concerned about the effects of poverty on 
health.” These and other analyses of social 
equality prompted major improvements in 
health services and were an important driver 
behind the decision to provide free, govern- 
ment-sponsored perinatal care when the Na- 
tional Health Service was launched in 1948. 
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The Life Project 

The Extraordinary Story 
of 70,000 Ordinary Lives 
Helen Pearson 
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Whereas the cards are clearly stacked 
against some before birth, the studies also 
revealed that it is possible to escape from 
disadvantage and triumph over adversity. 
The scientists identified several factors—in- 
cluding parents who are interested in their 
children’s lives, rigorous school environ- 
ments, inherent motivation, and geographi- 
cal location—as among the predictors of 
future prosperity and success. 

Since their inception, the birth cohort 
studies have tackled an impressive array of 
topics, including corporal punishment in 
schools, the risks associated 
with home versus hospital 
births, the health effects of 
smoking and pollution, and 
the rise of chronic diseases. 
More than 2500 papers and 
books have been published on 
the 1958 cohort alone; more 
than 770 have been published 
on the 1970 cohort. 

In March 2011, the same 
week that members of the 
original cohort celebrated their 
65th birthdays, funding for a 
new cohort was announced. 
The scale of the proposed study 
would have been ambitious: 
“80,000 babies, warehouses of 
stool samples and placentas, gi- 
gabytes of video clips, several hundred thou- 
sand questionnaires and much more.” 

Unfortunately, funding for the study was 
cut when researchers were unable to recruit 
a sufficient number of expectant mothers. 
Scientists had expected to sign on some 
16,000 women in the first 18 months of 
the study. Only 249 had signed up between 
January and June. 

New cohorts were proposed in 2012 and 
again in 2015; however, neither succeeded 
in attaining the required funding. Given 
how much more there is left to learn about 
human health, there is little doubt that an- 
other cohort study will be proposed in the 
future. “Maybe your children or grandchil- 
dren will be enrolled in it—or perhaps they 
will even run it,’ writes Pearson. “Perhaps 
those children will help resolve some of the 
mysteries about science and society that 
70,000 lives, so far, have not.” 
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Reduce, relegalize, and 
recycle food waste 


J. ASCHEMANN-WITZEL (“WASTE not, want 
not, emit less,’ Perspectives, 22 April, p. 
408) describes the challenges and ben- 
efits of reducing food waste, but does not 
discuss what to do with the food waste that 
remains. Because not all food waste is avoid- 
able, it is critically important to pair efforts 
to reduce food waste with legislation that 
allows resource-efficient recycling of food 
waste when it does arise. Europe has yet to 
seize this opportunity for sustainability. 
Countries such as South Korea already 
understand the importance of twinning 
food waste reductions with improved dis- 
posal. Since 2005, South Korea has reduced 
household and restaurant food waste by 
30 to 40% while simultaneously improv- 
ing food waste recycling. The disposal of 
food waste in landfills is banned, and 85% 
of food waste is recycled as animal feed or 
compost (7). 
Europe lags behind. The European 
Union’s Waste Directive stipulates that 
by 2025 no biodegradable waste (includ- 
ing food waste) should be sent to landfills, 
but progress toward this target is highly 
variable. Although some nations, including 
Germany and the Netherlands, do divert 
food waste, across the whole of the EU-27 
approximately 40% of municipal waste 
(including food waste) is still sent to land- 
fills (2). Worse, some EU legislation prevents 
resource-efficient use of food waste. Despite 
evidence of the potential economic and 
environmental benefits (7, 3) and tenta- 
tive steps to reclassify some surplus food 
as fit for animal feed (4), it remains illegal 
to use the vast majority of food waste as 
animal feed in the European Union because 
of historical disease control concerns (1). 
Meanwhile, countries such as Japan, South 
Korea, and Taiwan are all operating systems 
that safely recycle more than one-third of 
their food waste as animal feed (7). When it 
comes to reducing the impact of food waste, 
the European Union has much to learn 
from the Far East. 
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Burial law impedes 
scientific discovery 


THE NEWS AT A GLANCE item “Ancient 
One’ to get Native American burial” 
(6 May, p. 634) reports the reburial of 
the 9300-year-old skeletal remains of 
Kennewick Man after 2 decades of legal 
wrangling between Native American 
communities and scholars. The story 
does not address the scientific ramifica- 
tions of this decision. 

The legal battles are the result of 
the dissolution of American skeletal 
and archaeological museum collections 
mandated by the 1990 Native American 
Graves Protection and Repatriation Act 
(NAGPRA). This law requires museums 
receiving federal money to turn over skel- 
etal remains and archaeological objects to 
local Native American communities who 
can trace genetic or cultural affiliation to 
the human or cultural remains. NAGPRA 
was enacted by the U.S. Congress in 
response to political agitation and con- 
cerns about social justice. 
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The skeletal remains of about 50,000 
people and 1.4 million archaeological 
objects have subsequently left major 
museums in the United States, and are 
therefore lost to science (J). Museum 
skeletal and archaeological collections 
constitute the raw data for biologi- 
cal anthropological and archaeological 
research. The reburial of the Kennewick 
material is deeply unfortunate for science. 
Scholars had only 2 weeks to examine 
the skeleton, and their results can never 
be replicated. Furthermore, no future 
refinements to ancient DNA analysis 
or the chemical analysis of prehistoric 
bone and enamel can be applied to the 
Kennewick specimen. In the context of 
war in the Middle East, the destruction of 
museum collections is routinely deplored 
as a crime against the cultural heritage of 
humankind. As a scientist, I feel a similar 
sense of loss when I hear the results of 
the NAGPRA legislation. 
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Modeling the effects of 
climate engineering 


IN THEIR POLICY FORUM “Opportunities 
for advances in climate change economics” 
(15 April, p. 292), M. Burke et al. highlight 
three areas of climate change economics 
research: social cost of carbon, climate 
policy impacts, and developing economies. 
They overlook an important avenue of 
research that affects all three: climate engi- 
neering technologies, in particular solar 
radiation management (SRM). 

SRM is an engineered change in Earth’s 
radiative forcing in an effort to reduce 
climate changes (7). Direct costs are low 
(2). SRM acts quickly (years) so it reduces 
part of the effective inertia of the climate 
system, profoundly altering the dynamics of 
any climate policy. SRM would substantially 
change the profile of climate impacts, dis- 
connecting temperature from other changes 
caused by CO,, such as ocean acidification. It 
would also alter the distribution of climate 
impacts and policy choices across countries 
(3). Importantly, SRM would introduce new 
risks to the equation (4). 

Integrated assessment models have a 
damage function that is largely calibrated 
in terms of temperatures. Recent versions 
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also add sea-level rise (5). This is a good 
approximation when damages from 
carbon concentrations and tempera- 
ture are linked. SRM would change this 
relationship by reducing temperature 
without lowering carbon concentrations. 
Integrated assessment models must rec- 
ognize the newly differentiated impacts. 
Naively introducing SRM into these mod- 
els without further consideration would 
bias the results toward implementation 
of SRM. 

SRM is an important part of the future 
climate policy research agenda, as illus- 
trated by the latest National Academy of 
Sciences report (6, 7). Economists need 
to embrace research on SRM technolo- 
gies, recognize their capacity to disrupt 
the climate policy agenda, focus on 
understanding the new impacts and risks 
introduced, and integrate this new under- 
standing into models and policy design. 
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Multidecadal Oscillation without a 
role for ocean circulation” 


Rong Zhang,'* Rowan Sutton,” Gokhan Danabasoglu,” Thomas L. Delworth,* 
Who M. Kim,” Jon Robson,” Stephen G. Yeager® 


Clement et al. (Reports, 16 October 2015, p. 320) claim that the Atlantic Multidecadal 
Oscillation (AMO) is a thermodynamic response of the ocean mixed layer to stochastic 
atmospheric forcing and that ocean circulation changes have no role in causing the 
AMO. These claims are not justified. We show that ocean dynamics play a central 


role in the AMO. 


ithout analyzing the Atlantic Multi- 

decadal Oscillation (AMO) mechanisms 

in fully coupled general circulation mod- 

els (CGCMs) that include ocean dynam- 

ics, Clement et al. (7) conclude that the 
AMO in CGCMs is generated by the same mech- 
anism as in slab-ocean models (SOMs), which lack 
ocean dynamics. They suggest that the AMO is a 
direct response of the ocean mixed layer to 
stochastic surface heat fluxes without a role for 
ocean heat transport/circulation changes. 

Here, we show that the above conclusions are 
not justified. Any claims about the mechanisms 
governing the AMO, such as those in (7), must be 
based on direct analyses of these mechanisms. It 
is not possible to make robust inferences about 
mechanisms causing the AMO from a simple anal- 
ysis of sea surface temperature (SST) patterns and 
power spectra. We refute the claims in (7) through 
analyses of the same models employed in (7) and 
show that the mechanism causing the AMO in 
CGCMs is different from that in SOMs—i.e., time- 
varying ocean heat transport convergence is a 
leading cause of the AMO in CGCMs (Figs. 1 and 2). 

Figure 1, A and B, shows the SST tendency 
(SE) at low frequencies regressed on the AMO in- 
dex with a 4-year lead time. The AMO index used 
for regression analyses should be the “low-pass 
filtered” detrended North Atlantic basin-averaged 
SST anomalies (SST’) to reflect the “multidecadal” 
variability that gives the AMO its name (2). The 
4-year lead time is not chosen arbitrarily. With 
10-year low-pass filtering, the AMO tendency 
or) leads the AMO index by 4 years at their 
maximum correlation in all C@CMs, and the multi- 
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model mean lead time for SOMs is 3 to 4. years. The 
SST tendency GS) at low frequencies has a similar 
pattern to the simulated AMO pattern [figure S1 in 
(D], with the largest amplitude in the subpolar 
region. At low frequencies, the positive SST tenden- 
cy in SOMs (Fig. 1B) is induced mainly by reduced 
upward sensible heat flux (not shown) leading to a 
positive net surface heat flux anomaly (Fy,, = 
pCyh assr’ > 0, where the positive sign denotes 
downward heat flux into the ocean) (Fig. 1D). In 
contrast, in CGCMs the positive SST tendency in 
the subpolar region (Fig. 1A) is induced by en- 
hanced ocean heat transport convergence (Fig. 1E) 
(OHTC’, diagnosed approximately as OH TC x 
pC,h “St _F..,,, where h is 50 m for SOMs and is 
the thickness of the top ocean model layer for each 
CGCM (not a constant across models). The residual 
term pC,h “S is negligible, compared with Fyy, 
that is almost in balance with OHTC’ (Fig. 1, C and 
E). Consistent with observations (3), the enhanced 
turbulent heat fluxes (not shown) and negative 
net surface heat flux (Fy, < 0)(Fig. 1C) damp 
the surface warming induced by positive OHTC’ 
in the subpolar region at low frequencies. 
Similar regression patterns also appear at other 
lead times (Fig. 2, A to D) and at zero-lag. With 20- 
or 30-year low-pass filtering, the multimodel mean 
correlation between eo and the AMO peaks at 
longer lead times (8 or 10 to 11 years, respectively) 
due to the broad AMO spectra in CGCMs. The 
SOM simulations are too short to apply longer 
low-pass filtering cutoff periods, but in SOMs the 
same mechanism holds at all frequencies. Our 
results are robust for a wide range of lead times 
and different low-pass filtering cutoff periods, and 
our conclusions about causality are not a con- 
sequence of the filtering. The leading role of ocean 
dynamics that we identify in CGCMs is consistent 
with a wealth of evidence that the AMO is asso- 
ciated with coherent multidecadal variability in 
multiple variables (ocean heat/salt content, over- 
turning circulation and heat transport, and ocean- 
driven surface turbulent heat fluxes) (3-77). Our 


results (Figs. 1 and 2) refute the claims in (J) that 
“the current generation models analyzed here do 
not support the idea that ocean circulation drives 
the AMO” and “simulations of the AMO using 
fully coupled atmosphere-ocean models...are es- 
sentially indistinguishable from those produced 
by the equivalent slab-ocean model versions.” 
They are clearly distinguishable if one examines 
the mechanisms, even if the models have similar 
SST patterns and power spectra. 

Curiously, Clement et al. comment at the end 
of their Report that “Our analysis does not rule out 
that the ocean circulation may contribute to low- 
frequency variability in parts of the ocean, such 
as the subpolar gyre.” This curious statement con- 
tradicts their central claim that “the AMO is the 
response to stochastic forcing from the mid-latitude 
atmospheric circulation” in which “ocean circula- 
tion changes would be largely a response to, not 
a cause of, the AMO”. Our analyses demonstrate 
that in the subpolar region, ocean dynamics is the 
leading cause of the AMO, whereas the varying 
surface heat fluxes are a passive response to, not 
a cause of, the AMO, contrary to the claims in (7) 
(Fig. 2, E and F). The largest low-frequency SST 
anomalies in the observed AMO pattern are in 
the subpolar region (72). The simulated AMO in 
CGCMs [figure S1 in (J)] is dominated by the 
subpolar gyre variability induced by ocean dynam- 
ics. The weaker low-latitude AMO signal responds 
to the stronger subpolar AMO signal through com- 
bined oceanic and atmospheric teleconnections 
(including changes in the Hadley circulation, wind- 
evaporation-SST feedback, and cloud feedback) 
(12-15) (Fig. 2E). Changes in the subpolar ocean 
state also induce tropical North Atlantic subsurface 
temperature variations through the oceanic tele- 
connection, which are anticorrelated with the 
tropical AMO signal (5, 7, 13) (Fig. 2E). If the 
tropical AMO signal were forced by stochastic 
Frye) aS in SOMs, its anticorrelation with oceanic- 
driven tropical subsurface temperature variations 
found in both observations and CGCMs (5, 7, 13) 
would not exist (Fig. 2, E and F). The climate 
impacts associated with the tropical AMO have 
high decadal predictability only when the sub- 
polar ocean state is initialized (14). The successful 
decadal predictions (9-1), with initialized observed 
ocean states, suggest that ocean dynamics is the 
leading cause of the AMO (Fig. 2E). The mecha- 
nism in SOMs implies no decadal predictability 
other than simple persistence (Fig. 2F). Our re- 
sults show that the subpolar gyre is the key re- 
gion for generating the AMO and that our most 
realistic models indicate that ocean circulation in- 
deed plays a leading role in driving this variability. 
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Fig. 1. Regression of 10-year low-pass filtered (LF) variables on the stan- 
dardized AMO index when the variables lead the AMO index by 4 years, 
using the same 10 Coupled Model Intercomparison Project phase 3 
(CMIP3) preindustrial control fully coupled and SOMs, as listed in table 
1in Clement et al. (1). (A, C, and E) Multimodel ensemble mean of 10 fully 
coupled models (CGCMs). (B, D, and F) Multimodel ensemble mean of 10 SOMs. 
(The GISS SOM has an unrealistic discontinuity of longwave surface fluxes at 
year 101, so only the first 100 years of GISS SOM are used.) [(A) and (B)] 
Regression of tendency of LF SST (ASST), [(C) and (D)] Regression of LF net 


surface heat flux (Ens: positive sign denotes downward heat flux into the 
ocean). [(E) and (F)] Regression of LF diagnosed ocean heat transport con- 
vergence (OHTC’ = pCphSSsr Fi.) his 50 m for SOMs and is the thickness 
of the top ocean model layer to calculate SST (top ocean model layer tem- 
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Regression values correspond to one standard deviation of the AMO index. 
The AMO index is defined as 10-year LF basin—averaged SST anomalies in the 
North Atlantic (80°W to 0° O° to 60°N). All variables are detrended. 
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Fig. 2. Regression of 10-year LF net surface heat flux on the standar- 
dized AMO index when the heat flux leads by 2 and 6 years and sche- 
matic mechanisms of the AMO. (A and C) Multi-model ensemble mean of 
10 fully coupled models (CGCMs). (B and D) Multimodel ensemble mean of 
10 SOMs. (E and F) Schematic diagrams of different mechanisms of the AMO. 
In fully coupled models (E), the subpolar AMO is forced by time-varying ocean 
heat transport convergence and damped by net surface heat flux anomalies. 
The weaker tropical AMO responds to the stronger subpolar AMO through 
combined oceanic and atmospheric teleconnections (12-15). Changes in the 
subpolar North Atlantic ocean state also induce tropical North Atlantic sub- 
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surface temperature variations through oceanic teleconnection, which is anti- 
correlated with the tropical AMO, suggesting that the tropical AMO is linked to 
subpolar oceanic variability (5, 7 13). The subpolar AMO and the climate im- 
pacts associated with the tropical AMO have decadal predictability when ini- 
tializing the subpolar North Atlantic ocean state (9-11, 14). In SOMs (F), both 
subpolar and tropical AMO branches are forced by stochastic net surface heat 
flux anomalies and thus have no decadal predictive skill other than simple 
persistence. The mechanism in SOMs cannot explain the anticorrelation be- 
tween the tropical AMO and tropical North Atlantic subsurface temperature 
variations found in both observations and fully coupled models. 
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Response to Comment on “The 
Atlantic Multidecadal Oscillation 
without a role for ocean circulation” 


Amy Clement,’* Mark A. Cane,” Lisa N. Murphy,’ Katinka Bellomo,” 


Thorsten Mauritsen,” Bjorn Stevens® 


Zhang et al. interpret the mixed-layer energy budget in models as showing that “ocean 
dynamics play a central role in the AMO.” Here, we show that their diagnostics cannot reveal the 
causes of the Atlantic Multidecadal Oscillation (AMO) and that their results can be explained 
with minimal ocean influence. Hence, we reaffirm our findings that the AMO in models can be 
understood primarily as the upper-ocean thermal response to stochastic atmospheric forcing. 


n their Comment on Clement e¢ al. (1), Zhang 
et al. (2) show that several years before the 
peak of the AMO (Atlantic Multidecadal Os- 
cillation) in coupled models, the net surface 
heat flux in parts of the subpolar North Atlan- 
tic is out of the ocean and into the atmosphere. 
They interpret this signal as indicative that ocean 
dynamics is the leading cause of the AMO. 

We do not share this interpretation, foremost 
because cause and effect cannot be inferred from 
this budget. At low frequencies (long time scales), 
the heat storage in the upper ocean, pC,dT/dz, is 
negligible; hence, the heat fluxes, which must 
balance on such time scales, do not inform a causal 
analysis. This is apparent in the maps shown in 
Zhang et al., where there is almost complete can- 
cellation between the net surface heat flux [figure 
1C in (2)] and what they call the ocean residual 
[figure 1E in (2)]. The ocean residual may or may 
not have caused the warming, but the equilibrium 
heat budget is not informative about how this 
state came about. In addition, the ocean residual 
in their calculation should not be called the ocean 
heat transport convergence because it also includes 
the effect of local mixed-layer physics. 

The problem with the budget approach is illus- 
trated by the analysis shown in Fig. 1. Following 
Zhang et al., we calculate average quantities for 
the region 40° to 55°N, 20° to 60°W, a region of 
the subpolar ocean that they argue contains the 
seed of the AMO warming. The main finding of 
Zhang et al. is recovered in this analysis (here 
based on correlation values rather than regression 
coefficients so as to give equal weight when av- 
eraging across models). The multimodel mean 
correlation of net surface heat flux is slightly nega- 
tive leading the temperature (Fig. 1C, heavy blue 
line), and the ocean residual is slightly positive 
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(Fig. 1D, heavy blue line). However, the same rela- 
tionships are also found at positive lags, when the 
temperature is cooling (d7/dt is negative) (Fig. 1B). 
Following the logic of Zhang et al., we would be 
forced to the opposite conclusion, that the atmo- 
sphere is driving the temperature. This serves to 
illustrate the difficulty of inferring causality from 
such an analysis. 

Zhang et al.’s diagnostic does show that the net 
effect of the ocean at low frequencies is not zero in 
some regions of the subpolar gyre and Labrador 
sea, in contrast to what is found in the slab-ocean 
models. The net ocean influence is zero in the 
slab-ocean models by design. Hence, the net sur- 
face heat flux is approximately zero (to within 
0.5 W/m”), as shown in figure 1D in (2) (note the 
change of color scale in that panel), as required 
by the lack of heat storage on these time scales. 
Just because the AMO is correlated with a co- 
herent pattern of surface fluxes in models where 
it is not forced to be zero does not mean that the 
ocean is the leading cause of the AMO. 

To further illustrate this point, a comparison 
of the GCM results with a simple stochastically 
forced model is instructive. Assume that 


dT/dt = -aT + aN, + 0No (1) 


where WN, and N, are the atmosphere and ocean 
forcing, respectively, and -a7' + aN, can be in- 
terpreted as the net surface heat flux, Q, in this 
model. Here, both NV, and N, are unit amplitude 
white noise and uncorrelated with each other. 
The parameter a is set to 4: year’, which is the best 
fit to the multimodel mean, and is consistent with 
observed values (3). We take a” + b? = 1, which 
means that a” and b” are the fractions of forcing 
variance contributed by the atmosphere and ocean. 
A case with strong atmospheric driving is shown 
in Fig. 1, where a” = 0.9 (which is 90% atmosphere 
forcing and only 10% ocean). The sign of the rela- 
tionship between Qs and d7/dt predicted by this 
model (Fig. 1, B and C) is the same as in the multi- 


model mean with negative values of heat flux 
both leading and lagging temperature. The sign 
of the ocean residual (Fig. 1D) also matches the 
multimodel mean. 

This example illustrates that the multimodel 
mean results and the findings of Zhang et al. can 
be explained with a small amount of ocean noise. 
Zhang et al.’s analysis does not show that the ocean 
is necessary for the AMO but rather that a 
particular diagnostic has some influence from the 
ocean. This is consistent with the main findings 
of Clement et al.. The virtue of that study was to 
show that eliminating variations in the ocean 
heat transport convergence, in the manner of the 
usual process attribution studies (turn off some 
process and see how the result changes), did not 
change the AMO space and time characteristics. 
Thus, while ocean processes may be doing some- 
thing to the mixed-layer energy budget in parts 
of the subpolar gyre and Labrador Sea in coupled 
models, its effect on the AMO is small compared 
with the stochastic atmospheric forcing. 

Although the AMO is defined as the average 
SST in the entire North Atlantic, it is worth re- 
membering that over most of the North Atlantic, 
the net surface heat flux is as negligible in the 
coupled models as it is in the slab-ocean models 
[figure 1, C and D, in (2)]. Zhang et al. confine 
their discussion to the subpolar gyre, which they 
assert is “the key region for generating the AMO.” 
Because of its implications for prediction studies, 
this idea is an attractive one, but this is far from 
settled science. Studies of the AMO are commonly 
motivated by the effects on rainfall and temper- 
ature patterns on land around the Atlantic, and 
many studies—e.g., (4)—have shown that these 
effects originate in the tropical North Atlantic. 
Both Clement et al. and previous studies cited 
therein showed that in this region the atmosphere 
is strongly influenced by the ocean through ther- 
mal coupling. If the subpolar gyre is important for 
warming the rest of the Atlantic basin and asso- 
ciated effects, then its influence must be commu- 
nicated through the atmosphere. Not withstanding 
the studies cited by Zhang et al., other studies come 
to different conclusions, and as recently reviewed 
by Buckley and Marshall (5), the debate remains 
contentious. The finding in Clement et al. is an- 
other challenge to the idea that the subpolar gyre 
is the hinge on which the whole Atlantic swings. 

Finally, all of the “coherent multidecadal 
variability in multiple variables” mentioned by 
Zhang et al. as “associated” with the AMO can be 
accounted for as additional responses to the same 
atmospheric forcing that we find to be responsible 
for the AMO in models. As ever, neither associa- 
tion nor correlation implies causality. 
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Fig. 1. Lead-lag relationships with the AMO index. Here, we reproduce similar diagnostics as in Zhang et al. 
for the region 40° to 55°N, 20° to 60°W, with eight of the CMIP3 fully coupled models that were used in their 
comment and in Clement et al., along with the same quantities calculated from the simple noise-forced 
model from Eq. 1. (We limit our analysis to 55°N to avoid the effects of sea ice on the mixed-layer heat 
budget.) We exclude two models (mri_cgcm2_3_2a and miroc3_2_hires_coupled_40_55N_20_60W) be- 
cause their published data contain less than 200 years. We analyze only the last 300 years of the model 
time series to remove any effect of adjustment (and the last 200 years in the hadgem1). Data are 
detrended and then low-pass filtered, with a 20-year cutoff Butterworth fourth-order filter. The multi- 
model mean is shown in heavy blue for (A) the autocorrelation of temperature, (B) the lag correlation of 
dT/dt and temperature, (C) the lag correlation of net surface heat flux (defined as positive downward) 
and temperature, and (D) the lag correlation of the “ocean residual” (defined as positive for convergence 
of heat) and temperature. Superimposed on these curves are the results from the simple noise-forced 
model, with a? = 0.9 (pink lines). The pink shading shows the 5% and 95% confidence intervals based on 
a nonparametric estimation using 500 300-year long realizations of the noise-forced model. 
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Panel of experts encourages 
scientific collaboration with Iran 


AAAS conference examines partnership potential 
since signing of nuclear agreement 


By Michaela Jarvis 


Increased collaboration with Iranian scientists could speed the 
development of important solutions to global challenges in many 
fields, experts said at the AAAS Science Diplomacy 2016 conference, 
and a broadening range of organizations, including AAAS and the 
National Academies, can help make it happen. 

Throughout the “Opening Doors to Iran” session of the 5 May 
conference, one of eight sessions on diverse topics in science diplo- 
macy, panelists cited far-ranging evidence of the capability of Iran’s 
scientific community as a collaborative partner. They described 
the problems Iran is experiencing—such as energy shortages, HIV/ 
AIDS, and air and water pollution—as opportunities for science and 
technology engagement to positively impact people’s lives. Referring 
to the nuclear agreement signed last July and subsequent statements 
signed or released by the United States, Iran, and five other na- 
tions, panelist Ali Douraghy, of the National Academies of Sciences, 
Engineering and Medicine, said, “There are certainly very positive 
opportunities for potential scientific cooperation outlined.” 

Over the years, Iranian scientists, physicians, and other health 
experts have collaborated with their U.S. counterparts through part- 
nerships fostered by the National Academies, the National Institutes 
of Health, AAAS, and CRDF Global, on topics such as water, food- 
borne diseases, neuroscience and drug abuse, noncommunicable and 
infectious diseases, health disparities, and bioethics. The 5 May panel 
was convened by CRDF Global, a nonprofit that connects emerging 
scientific communities with the international scientific community. 

“Scientific collaboration is among the best ways to show that the 
two countries can productively work together, as opposed to work 
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against each other, by helping tackle the world’s greatest challenges 
and to build trust,“ said Tom Wang, AAAS’s chief international officer 
and director of the AAAS Center for Science Diplomacy. 

In October 2013, newly elected Iranian President Hassan 
Rouhani made a speech about restoring academic freedom at the 
country’s universities following nearly a decade of interference in 
academic affairs by a conservative government. Science Inter- 
national News Editor Richard Stone, who had visited Iran back in 
2005, saw this as a crucial moment. “I thought, “This is a message 
that is interesting for the international science community. I’d 
like to see what it means on the ground,” said Stone, who also 
participated in the conference panel. 

His subsequent visit in 2015 resulted in a series of articles docu- 
menting the state of science and technology in Iran. As his reporting 
bore out, some of the projects he had seen beginning to blossom 
back in 2005, such as plans for a top-caliber Iranian National Obser- 
vatory, were regaining momentum after years of halting progress due 
to internal political pressures and international sanctions imposed 
on Iran over its nuclear program. 

Stone described how Iranian scientists were able to push ahead 
on international-quality research despite the sanctions. The Iranian 
Light Source Facility, a synchroton project, has made remarkable 
progress in overcoming sanctions, thanks in large part to improvi- 
sation. Similarly, when scientists were unable to import sensors to 
measure seismic stress on infrastructure such as dams and bridges 
in a country laced with faults, they invented their own that are now 
used throughout the country and are even starting to be exported. 

“T was struck by the ingenuity of many of the Iranian scientists in 
the face of sanctions,” said Stone. 
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The receding of Lake Urmia is creating a salt desert, 
threatening ecosystems and agriculture. 


Somewhat surprisingly, stem cell research was one of the fields 
that progressed, after Iranian scientists, unsure of what was 
permissible, petitioned Iran’s Supreme Leader Seyyed Ayatollah Ali 
Khamenei to issue a fatwa on stem cells. The ruling in 2002 legalized 
any kind of stem cell research except for human cloning, a policy 
more liberal than that of the United States. Iranians, given the go- 
ahead from Khamenei, actively advanced the research, Stone said. 

Alex Dehgan, who has worked for the U.S. Department of State and 
has also served as chief scientist at USAID—invoking one of his main 
requirements for successful science diplomacy—said that the benefits 
of scientific engagement with Iran would accrue to both partners be- 
cause of the strength of science and technology in Iran. The Iranian 
Revolution of 1979 brought university education to a much broader 
segment of the population than is seen in other countries in the re- 
gion, and Iranians have long cultivated a cultural pride in scholarship 
and creativity. Iran is now ranked fourth in the world in terms of its 
growth rate in publishing scientific articles, said Dehgan, co-founder 
of Conservation X Labs. 

At Stanford University’s Ph.D. program in electrical engineering, 
said panelist Douraghy, Iran’s Sharif University of Technology is 
known as the world’s top institution for preparing undergraduates 
in the field. Dehgan pointed out that Iranian students who studied 
at Stanford and other U.S. universities and then stayed in this 
country went on to found companies ranging from eBay, to 
Dropbox, to Hot Pockets. 

“We're missing out,” said Dehgan, “[if we’re not] engaging that 
community.” 

Whatever their talents and preparation, though, Iranian scientists 
have been isolated from the rest of the world, said Stone, and organi- 
zations like AAAS can perform a crucial function in connecting them 
to the international science community. 

“Western scientists are not aware of who the talented scientists are 
in Iran and North Korea and other isolated countries,” said Stone. “A 
role for nongovernmental organizations like AAAS and the National 
Academies is to bring those people together.” 

Still, there are significant challenges to collaboration, panelists 
said. Rouhani was able to oversee the nuclear agreement with the 
West and is seen as having a mandate from the Iranian public for 
opening up the country. However, an ongoing tension exists between 
elected officials like Rouhani and other extremely influential leaders. 

Furthermore, although the nuclear agreement is gradually lifting 
nuclear-related sanctions, other sanctions remain in place, and 
panelists reported extensive confusion over what kinds of scientific 
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Iran plans to build its national astronomy observatory on Mount Gargash. 
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About 175 people attended the Science Diplomacy 2016 conference. 


collaboration are permitted and can get licenses required to proceed. 
William Colglazier, a senior scholar in the AAAS Center for Science 
Diplomacy and editor-in-chief of the Science & Diplomacy quarterly, 
asked the panelists how the U.S. government could best encourage 
science diplomacy and engagement with Iran. Colglazier is a former 
science and technology advisor to the U.S. Secretary of State. 

“Where the government can help,” said Dehgan, “is by giving 
signals, guidelines” regarding what is permissible, and perhaps 
granting “larger blanket licenses” for research projects. 

US. universities, said panel moderator Siri Oswald, sometimes 
misunderstand the restrictions on scientific exchanges and needlessly 
abandon efforts to engage. “They back off of opportunities that, 
frankly, they could engage in,” said Oswald, interim vice president 
for programs at CRDF Global. A publication by the Institute of 
International Education entitled “Reinventing Academic Ties,” which 
contains a helpful guide on the impact of sanctions on academic 
exchanges, offers information for U.S. scientists and institutions 
looking to collaborate with Iranian researchers, said Douraghy, who 
is a senior international programs officer for the National Academies. 

“Tn this time, we should take advantage of the good will and test 
the system, and see what kind of collaborations we can start under 
current conditions,” said Stone, who urged environmental scientists 
to turn their attention to a catastrophe occurring in northwestern 
Iran, where poor water management and drought have 
caused Lake Urmia to lose 80% of its water, creating a 
salt desert that threatens crops and people. 

“These sorts of environmental problems are really 
amenable to international cooperation,” he said. 
“They’re an easy sell” to the U.S. government, the 
Iranian government, and to funders, Stone added, 
“and if they’re successful, they’re going to sow a lot of 
good will with the Iranian people.” 

Meanwhile, Dehgan sees the current generation of 
technology entrepreneurs in Iran as having the most 
potential to build bridges with partners in the West. 
“There’s an unbelievable tech community in Iran 
right now that I think gives us the most hope,” said 
Dehgan, citing an opportunity for change in Iran that 
will come, not necessarily through government, “but 
change driven by the people themselves, driven by 
entrepreneurs, driven by scientists.” 
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Childhood undernutrition, 
the gut microbiota, and 
microbiota-directed therapeutics 


Laura V. Blanton, Michael J. Barratt, Mark R. Charbonneau, 


Tahmeed Ahmed, Jeffrey I. Gordon* 


BACKGROUND: Childhood undernutrition is 
a global health challenge. Undernutrition in 
early life is associated with a number of ad- 
verse outcomes, including persistent stunting, 
immune dysfunction, and neurocognitive defi- 
cits. Current approaches 
to treatment have only mod- 
Read the full article St effects in correcting 
at http://dx.doi. these long-term sequelae, 
org/10.1126/ suggesting that certain 
science.aad9359 features of host biology 
are not being adequately 
repaired. This has led to the hypothesis that 
healthy growth is dependent, in part, on normal 
postnatal development of the gut microbiota and 
that perturbations in its development are caus- 
ally related to undernutrition. Testing this hy- 
pothesis illustrates a number of the challenges 
that human microbial ecology research faces: 
(i) defining “normal,” both in terms of commu- 
nity structure and expressed functions; (ii) de- 
termining whether normal in one population 
generalizes to other populations; 
ii) ascertaining whether deviations 


0 


Bene Time (months), 3, 
from normal correlate with disease 0 


ADVANCES: Culture-independent studies of 
the gut microbiota of members of birth co- 
horts with healthy growth phenotypes have 
identified a program of community assembly 
(“maturation”) defined by the changing repre- 
sentation of a group of age-discriminatory bac- 
terial taxa. Features of this program are shared 
across individuals living in several low-income 
countries. Applying metrics for defining devia- 
tions from this program (microbiota-for-age Z 
score) has disclosed that children with severe 
acute malnutrition have gut microbial com- 
munities that appear younger than would be 
expected on the basis of their chronological age. 
The resulting microbiota “immaturity” is not 
repaired by current therapeutic food interven- 
tions. Compared with healthy children, micro- 
biota from undernourished children transmit 
impaired growth phenotypes to recipient 
gnotobiotic mice fed diets representative of 
those of the human donors; moreover, some of 
the transplanted age-discriminatory strains are 


and are a cause rather than an effect 


of pathology; (iv) determining wheth- 


er abnormal microbial community 


configurations can be repaired in a 


sustained fashion, and what route 
and time course are optimal for 
such repair; (v) deciphering the short- 
and long-term effects and safety 
of repair; and (vi) proactively address- 
ing the ethical, regulatory, and other 
societal implications of microbiota- 
directed food and/or microbial inter- 
ventions designed to deliberately 
manipulate this facet of postnatal 
human development. 


Microbiota development/maturation 


Age-discriminatory taxa 


growth-discriminatory. These findings provide 
early preclinical proof-of-concept that gut mi- 
crobiota immaturity is causally related to a 
number of the manifestations of childhood 
undernutrition. 


OUTLOOK: Gnotobiotic animal models can 
be used to test a number of concepts. Gut 
microbiota immaturity, increased enteropath- 
ogen burden, and gut barrier dysfunction are 
interrelated factors that affect disease risk and 
pathogenesis. Microbiota development is linked 
to maturation of the gut mucosal immune sys- 
tem, metabolic function in multiple host tissues, 
plus musculoskeletal and brain development. 
Age- and growth-discriminatory bacterial 
strains identified in the normally developing 
microbiota represent therapeutic targets in 
children with undernutrition. The represen- 
tation of these strains provides a way not only 
for defining the efficacy of these therapeutic 
interventions but also for assessing the effects 
of various parameters postulated to contribute 
to disease risk and pathogenesis (such as ma- 
ternal health status, breast milk composition, 
history and quality of complementary feeding, 
poor sanitation and enteropathogen burden, 
and antibiotic exposures). Microbiota-directed 
strategies for treating and ultimately prevent- 
ing childhood undernutrition raise intriguing 
questions about the mechanisms that define 
human development. They also highlight the 
need to add a microbial dimension to our con- 
ceptualization of human biological immaturity 
and its associated adaptations and compensa- 
tions, and to consider whether interventions 
that promote healthy microbiota development 
can spawn a form of preventative medicine 
that has lifelong benefits. 


Age-appropriate microbiota 

= maturation & normal physiological, 
metabolic, immune and 
neurological development 


Sustainable 
repair? 


Impaired microbiota maturation 
and associated manifestations 
of undernutrition 


Time 
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The concept that impaired postnatal gut microbiota development (maturation) is causally related 
to childhood undernutrition. The representation of age-discriminatory bacterial taxa defines a program of 
normal gut microbiota development. Disrupting the coordinated functional codevelopment of microbiota and 
host affects multiple biological regulatory systems through largely unknown mechanisms. Developing effective 
strategies for sustained repair of microbiota immaturity through food or microbial interventions requires pre- 
clinical studies of these mechanisms and modeling of the effects of different rates and routes of repair. 
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Childhood undernutrition is a major global health challenge. Although current therapeutic 
approaches have reduced mortality in individuals with severe disease, they have had 
limited efficacy in ameliorating long-term sequelae, notably stunting, immune dysfunction, 
and neurocognitive deficits. Recent work is providing insights about the role of impaired 
development of the human gut microbiota in disease pathogenesis, leading to new 
concepts for treatment and prevention. These findings raise intriguing basic questions 
about the mechanisms that direct normal gut microbial community assembly and 
functional maturation. Designing and implementing new microbiota-directed therapeutics 
for undernutrition highlights the need to simultaneously consider a variety of features of 
human biology as well as broader societal issues. 


hildhood undernutrition is a vexing, press- 

ing, and in many respects overwhelming 

global health issue. Undernutrition contrib- 

utes to more than 40% of deaths worldwide 

among children under 5 years old (1). Acute 
undernutrition affects more than 50 million chil- 
dren and is defined by a low weight-for-height 
Z (WHZ) score [the number of standard devia- 
tions from the median value for a reference, multi- 
national World Health Organization (WHO) cohort 
of children with healthy growth phenotypes (2)]. 
Preschool children with severe wasting (WHZ < 
-3) have a 10-fold higher mortality rate than that 
of their well-nourished counterparts. In 2014, 
chronic undernutrition, which manifests as stunt- 
ing [low height-for-age Z score (HAZ)], affected 
159 million children, with almost all living in low- 
income countries (3). Despite these categorical dis- 
tinctions, deficits in ponderal and linear growth 
frequently coexist and increase the risk that chil- 
dren will experience persistent stunting, defective 
immune responses, and impaired neurocognitive 
function into adulthood (4). 

Epidemiologic studies have emphasized that 
undernutrition cannot be ascribed to food insecu- 
rity alone and reflects the intersection of multiple 
factors that operate within and across generations 
(4, 5). Genetic analyses of risk factors have pro- 
duced few leads. Longitudinal studies of a cohort 
of 317 Malawian twin pairs, aged 0 to 3 years and 
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living in rural villages, revealed a high incidence 
of discordance (>40%) for either severe acute mal- 
nutrition (SAM) or moderate acute malnutrition 
(MAM). The rate of discordance (in which one twin 
was healthy by anthropometry and the other was 
diagnosed with SAM or MAM) was not signif- 
icantly different between mono- versus dizygotic 
pairs, suggesting that early life environmental ex- 
posures play a key role in disease pathogenesis (6). 


Breast milk 


For many infants, breast milk represents one of 
the earliest postnatal environmental exposures. 
WHO/United Nations Children’s Emergency Fund 
(UNICEF) recommends exclusive breastfeeding 
for the first 6 months of postnatal life and non- 
exclusive breastfeeding up to 24: months (7). Breast 
milk reduces infant mortality from common infec- 
tions, including those that cause diarrhea and 
pneumonia (8). Despite the biological importance 
of breast milk, large gaps in knowledge remain, 
including how breast milk composition varies as 
a function of maternal nutritional status and wheth- 
er and how variation in its composition affects risk 
for undernutrition in offspring. Fortunately, recent 
advances in mass spectrometric (MS) methods 
have set the stage for addressing how breast milk 
components vary as a function of age, genotype, 
parity, length of pregnancy, time after parturition, 
and health status in geographically and culturally 
diverse populations of women (9). Human milk 
oligosaccharides (HMOs) represent attractive tar- 
gets for MS-based analyses, particularly if they are 
incorporated into birth cohort studies that couple 
serial breast milk sampling with comprehensive 
assessments of maternal and infant health status 
(9). HMOs contain a lactose core and linked glu- 
cose, galactose, N-acetyl galactosamine, fucose, 


and/or sialic acid residues [3-20 monosaccha- 
rides per HMO structure; =100 structures present 
in a given mother’s breast milk (9)]. HMOs do 
not directly provide nutrition to the host. HMOs 
act as prebiotics that promote colonization of the 
infant gut with bifidobacterial taxa associated 
with multiple benefits to the host, including im- 
proved vaccine responses (10), enhanced gut barrier 
function (JO, 11), and protection from enteropatho- 
gen infection (12). 

A recent study documented reduced levels of 
total, fucosylated, and sialylated HMOs in the 
breast milk of Malawian mothers with severely 
stunted compared with healthy 6-month-old in- 
fants (13). In follow-up preclinical experiments, 
young gnotobiotic mice were colonized with a 
consortium of bacterial strains cultured from the 
fecal microbiota of a severely stunted 6-month- 
old Malawian infant and fed a prototypic micro- 
and macronutrient-deficient Malawian diet, with 
or without added purified sialylated bovine milk 
oligosaccharides (S-BMOs) that are structurally 
similar to sialylated HMOs (13). A separate group 
of animals was fed the same Malawian diet sup- 
plemented with fructo-oligosaccharides, which are 
present in a number of current infant formulas. 
Even though all diets were isocaloric and animals 
in each of the groups consumed the same amount 
of diet, S-BMO but not fructo-oligosaccharide sup- 
plementation significantly augmented the rate of 
lean body mass gain. Growth augmentation was 
microbiota-dependent. S-BMO supplementation 
also produced changes in liver, muscle, and brain 
metabolic profiles indicative of increased capac- 
ity to use nutrients for anabolism in the fed con- 
dition and break down lipids during fasting [a 
state of increased metabolic flexibility (14)]. S- 
BMO-treated animals also manifested alterations 
in bone morphometry (13). The effects of S-BMOs 
were also observed in gnotobiotic piglets fed the 
same prototypic Malawian diet and colonized 
with cultured bacterial components of the same 
donor’s microbiota (13). These findings under- 
score the need to understand genetic, physio- 
logic, metabolic, and environmental factors that 
influence the representation of different HMO 
structures in lactating mothers’ milk, how these 
structures are processed by the gut microbiota of 
healthy versus undernourished infants, and 
whether HMOs and the products of their bio- 
transformation by the microbiota correlate with 
infant growth outcomes. In addition, these pre- 
clinical results illustrate how S-BMOs can be 
used as a tool to explore the mechanisms by 
which at least one class of HMOs operate, via the 
microbiota, to influence postnatal growth and 
metabolism. 


Enteropathogen burden 


Enteropathogens represent another common early 
life environmental exposure. The breadth of expo- 
sure is enormous: ~2.5 billion people currently live 
under unsanitary conditions, although efforts to 
sponsor innovations that yield affordable and 
sustainable solutions are under way (for example, 
www.gatesfoundation.org/What-We-Do/Global- 
Development/Reinvent-the-Toilet-Challenge). 
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The development and implementation of robust, 
high-throughput methods for simultaneous quan- 
titative polymerase chain reaction assays of mul- 
tiple enteropathogens in a single fecal sample 
(15) is critical, enabling large-scale surveys of the 
relationship between enteropathogen burden and 
undernutrition. Birth cohort studies designed 
to address this question are now under way that 
also include serial anthropometric assessments 
as well as tests of immune and neurocognitive 
function (J6). 


Environmental enteric dysfunction (EED) 


EED is an enigmatic disorder prevalent in low- 
income countries where sanitation is poor and en- 
teropathogen burden is high. EED is often invoked 
as a key factor underlying the pathogenesis of under- 
nutrition. However, accurate diagnosis remains a 
challenge. The “gold standard” for diagnosis is 
small intestinal biopsy, in which histopathologic 
manifestations of disease include infiltration of 
the lamina propria with CD8* T cells and villus 
atrophy (77). These changes are accompanied by 
marked reductions in the surface area 
available for active nutrient uptake 
and disruption of gut barrier func- 
tion (17, 18). 

The fact that small intestinal biopsies 
carry substantial risk for children with 
undernutrition has limited the ability 
to assess the specificity or sensitivity of 
current fecal-, serum-, and urine-based 
biomarkers (19). Nonetheless, reports 
indicate that biomarkers of gut inflam- 
mation, intestinal permeability, and sys- 
temic immune activation are inversely 
correlated with linear growth and the 
efficacy of oral vaccines (20, 21). Pre- 
clinical models with features of EED 
(22) provide an opportunity to help 
identify disease mechanism-based bio- 
markers and to dissect interactions 
between dietary components, entero- 
pathogens, community members, gut 
barrier function, and inflammatory re- 


appear to elicit and benefit from inflam- 
mation (23), whereas others appear to 
blunt the immune response (24, 25). 


The limitations of current 
therapies and our knowledge of 
their long-term effectiveness 


There is ongoing debate about the role 
of antibiotics in treating children at 
risk for or with already manifest acute 
or chronic undernutrition (26, 27). A 
recent large, double-blind, placebo- 
controlled trial involving children with 
SAM living in Niger found no benefit of 
routine antibiotic use on nutritional re- 
covery (26). Using random effects mod- 
els, a meta-analysis of 10 randomized 
control trials (RCTs) involving children 
living in low- and middle-income coun- 
tries given a variety of oral antibiotics 
for different indications and durations 
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concluded that treatment was associated with 
modest improvement in ponderal growth and 
smaller improvements in linear growth (28). Ex- 
trapolating, these effects would correspond to a 
0.2 to 0.3 increase in WAZ and a 0.1 increase in 
HAZ over 6 months in the most vulnerable pop- 
ulations (28). 

Current nutritional interventions also have 
limited efficacy. A meta-analysis of RCTs, con- 
ducted in low- and higher-income countries, 
involving various forms of antenatal diet supple- 
mentation indicated that these interventions 
contributed to improved birth outcomes, includ- 
ing gestational age and birth weight (1). How- 
ever, because primary end points were assessed 
at birth, the long-term effects on child growth 
and development remain unclear (J, 29). The lev- 
els of certain micronutrients in breast milk that 
are essential for growth (such as vitamins A, B1, 
B2, B6, B12, and D and choline, selenium, and 
iodine) are influenced by maternal nutritional 
status (30). A meta-analysis of 16 controlled clin- 
ical studies of “multiple micronutrient powders” 


Box 1. A hypothesis about gut microbiota development and 
the pathogenesis of undernutrition. 


(Left) Young girl in Dhaka, Bangladesh, consuming a meal with a diversity 
of dietary ingredients. Identifying those ingredients that promote healthy 
development of the gut microbiota may yield more effective treatments 
for undernutrition. [Photo courtesy of Mustafa Mahfuz] (Right) Mea- 
surement of mid-upper-arm circumference (MUAC) to assess for acute 
wasting in a child in Mitondo, Malawi. [Photo courtesy of Indi Trehan] 


(MNPs) found no evidence of substantial effects 
on linear growth, despite improvements in micro- 
nutrient status (37). A separate analysis of seven 
clinical trials conducted in 6- to 24-month-old 
children living in food-insecure populations indi- 
cated that provision of complementary foods with 
or without nutritional education did not signif- 
icantly reduce the risk of stunting (/). As with an- 
tenatal supplementation, studies have generally 
not examined the long-term effects of postnatal 
interventions on immune function or neurode- 
velopmental outcomes (J). 

Energy-dense, micronutrient-fortified, ready- 
to-use therapeutic foods (RUTFs) are effective 
in accelerating short-term weight gain in indi- 
viduals with SAM (J). Nutritional recovery (defined 
as attaining WHZ > -2) is believed to be facilitated 
by the provision of high-quality dietary protein in 
RUTFs, resulting in a switch from fatty acid to 
amino acid oxidation, with accompanying pro- 
motion of fat deposition and weight gain. Concom- 
itant increases in insulin and IGF-1 and decreases 
in cortisol levels limit protein catabolism and per- 
mit accretion of muscle mass (32). How- 
ever, in SAM as well as MAM there is a 
general lack of information on the appro- 
priate timing and duration of current nu- 
tritional interventions or their overall 
effectiveness in overcoming the long-term 
morbidities that ensue from childhood 
undernutrition (33, 34). 

What are we missing in our under- 
standing of the pathogenesis of under- 
nutrition, and how can new therapeutic 
strategies be identified that more dura- 
bly repair its short and long-term effects? 
Recent work points to a persistent devel- 
opmental abnormality in children with 
undernutrition that affects their gut 
microbiota. 


¢ Initial gut community assembly is disrupted by one or more 
factors (for example, failure to acquire organisms with key 
metabolic capabilities, whether due to insufficient exposure, 
deficiency of required nutrients, antibiotic administration, undefined 
host biological features, and/or enteropathogen competition). 

sponses. For example, some gut microbes ¢ Disrupted microbiota development provides opportunities 
for enteropathogens to establish themselves and/or 
the virulence potential of pathobionts to be expressed, 
further disrupting already impaired microbiota maturation. 

¢ Impaired microbiota development impairs codevelopment 
of the mucosal immune system, compromising barrier 
function, defense against enteropathogens, and vaccine 
responses and impeding further maturation. 

¢ Disrupting the coordinated, mutually beneficial, functional 
codevelopment of the microbiota and host affects multiple 
biological regulatory systems through mechanisms that are 
largely unknown but manifested in part by impaired muscle 
and bone growth, impaired metabolism that jeopardizes 
the supply of nutrients and energy required by the 
developing brain, and impaired immune/gut barrier function. 


Postnatal development of the 
gut microbiota and the 
pathogenesis of undernutrition 


Defining “normal” gut 

microbiota development 

The tens of trillions of microbes that in- 
habit the human gut are tasked in part 
with the biotransformation of dietary in- 
gredients into products that affect various 
aspects of our physiology, metabolism, 
and immune function. Asking whether 
and how postnatal assembly of the mi- 
crobial community is related to the risk 
for and pathogenesis of undernutrition 
requires a definition of normal micro- 
biota development. One approach used 
machine learning (Random Forests) to 
mine bacterial 16S ribosomal RNA (rRNA) 
data sets generated from fecal samples, 
collected monthly from birth through the 
first 2 to 3 years of postnatal life from 
infants and children living in an urban 
slum in Bangladesh who had healthy 
growth phenotypes (as judged with serial 
anthropometry). The results yielded a 
group of the most age-discriminatory 
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bacterial taxa; changes in their relative abundance 
provided a microbial signature that described a 
program of normal gut microbiota development 
shared by biologically unrelated healthy Bangla- 
deshi infants/children (35). 

This approach is being applied to additional 
birth cohorts living in different regions of the 
world, including low-income countries where the 
burden of undernutrition is great as well as high- 
income countries where the level of sanitation 
and consumption of processed foods is consid- 
erably higher. The results are beginning to pro- 
vide information about the degree to which this 
program of gut community development is shared 
(36, 37). Applying advances in genome assembly 
by using shotgun sequencing data sets gener- 
ated from fecal DNA, as well as advances in cul- 
turing phylogenetically diverse members of the 
gut microbiota, should reveal the extent of strain- 
level variation and insights into the functional 
potential of these age-discriminatory bacterial 
taxa, both within and between different human 
populations. The representation of archaeal, eu- 
karyotic, and viral components [including phage 
(38)] in the developing microbiota of healthy in- 
fants and children also needs to be delineated. 
One of the many motivations for obtaining this 
expanded view comes from recent work em- 
phasizing how enteric viruses affect, and are af- 
fected by, members of these other domains of life 
[“transkingdom interactions” (39)]. 


Gut microbiota “immaturity” in 
undernourished children 


Bacterial 16S rRNA-based Random Forests- 
generated models composed of age-discriminatory 
bacterial taxa allow a microbiota-for-age Z (MAZ) 
score to be computed that defines the degree of 
deviation of an unhealthy individual’s microbiota 
age (state of development) from a reference cohort 
of chronologically age-matched children with nor- 
mal growth. Applying this metric disclosed that 
community assembly is perturbed in Bangladeshi 
and Malawian children with undernutrition, result- 
ing in persistent gut microbiota “immaturity”; their 
microbial community configuration looks “youn- 
ger” than in chronologically age-matched healthy 
individuals (35, 36). Children with MAM also have 
microbiota immaturity, albeit less severe than 
those with SAM (35, 36). MAZ scores documented 
at 12 months of age in members of a Malawian 
birth cohort with minimal antibiotic exposure were 
predictive of anthropometric scores at 18 months 
[WHZ, WAZ, and to a lesser degree HAZ (36)]. 
Although additional studies of birth cohorts are 
needed to define the degree of correlation between 
MAZ and growth phenotypes, applying this metric 
in arandomized clinical study that assessed the 
effects of two different RUTFs given to Bangla- 
deshi children with SAM revealed that neither 
RUTF rescued microbiota immaturity; improve- 
ment was partial and transitory (35). 


Cause versus effect 


What is the biological consequence of persistent 
gut microbiota immaturity? Preclinical proof-of- 
concept (POC) that it is a contributing cause rath- 
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er than simply an effect of undernutrition has 
come from transplanting immature gut micro- 
biota from undernourished Malawian infants 
and children, or normally maturing microbiota 
from those with healthy growth phenotypes, into 
young recently weaned germ-free mice fed a macro- 
and micronutrient-deficient diet representative 
of those consumed by the human donors (36). 
Immature microbiota from undernourished in- 
fants and children transmitted significantly re- 
duced lean body mass gain phenotypes, alterations 
in bone morphometric phenotypes, and metabolic 
abnormalities evident in muscle, liver, and brain. 
Remarkably, the gain in lean body mass was 
significantly greater when the microbiota were 
from 6-month-old as compared with 18-month-old 
donors, although in each chronological age bin, 
growth promotion in recipient mice was greater 
when the microbial community originated from 
a healthy individual (36). These latter findings 
provide evidence supporting the hypothesis that 
microbiota maturation is functionally linked to 
the growth rate of the host. 

Random Forests-based analysis of bacterial 
16S rRNA data sets generated from the fecal mi- 
crobiota of these recipient mice identified groups 
of bacterial taxa whose representation was dis- 
criminatory for several host phenotypes, including 
rate of lean body mass gain and bone morpho- 
logic features (36). These “growth-discriminatory” 
taxa included a subset of the age-discriminatory 
taxa, suggesting that the latter include taxa that 
are not only biomarkers but also mediators of host 
development. The overlapping membership of taxa 
in the different Random Forests models generated 
from different features of host biology leads to a 
testable hypothesis: Different configurations of 
microbiota from undernourished children can 
transmit different manifestations of disease. 

Taking advantage of the coprophagy of mice, 
cohousing gnotobiotic animals shortly after they 
received microbiota transplants from 6-month- 
old infants with either normal linear and ponderal 
growth or severe stunting and underweight pheno- 
types resulted in invasion of age- and growth- 
discriminatory strains from cagemates with the 
transplanted healthy donor microbiota into the 
microbiota of cagemates harboring the under- 
nourished donor’s microbiota. Invasion was as- 
sociated with prevention of growth faltering. 
Addition of a number of cultured invasive taxa to 
an undernourished donor’s microbiota amelio- 
rated growth-faltering and metabolic abnormal- 
ities present in control mice that received the 
undernourished donor’s microbiota alone (36). 

This approach of tracking microbial exchange 
during cohousing, followed by culturing invasive 
taxa, can be applied to numerous combinations 
of healthy and undernourished microbiota to de- 
termine the extent to which acquisition of mem- 
bers of a healthy donor’s microbiota (or extirpation 
of members of an undernourished donor’s micro- 
biota) can prevent or treat transmissible disease- 
associated phenotypes. The results could yield 
probiotic candidates and provide an opportu- 
nity to define mechanisms underlying micro- 
bial promotion of healthy growth. Relevant to 


this issue is a report showing that the gut micro- 
biota enhances sensitivity to growth hormone 
(40). In this study, young germ-free mice exhib- 
ited significantly reduced rates of weight gain 
and bone growth as compared with their con- 
ventionally raised counterparts. Moreover, the 
difference between groups was greater when 
animals consumed a nutrient-deficient compared 
to -sufficient diet. Whereas levels of growth hor- 
mone were comparable, insulin-like growth factor 1 
(IGF-1) and IGF-1-binding protein 3 (IGFBP-3) con- 
centrations were significantly lower in animals 
lacking a microbiota. Remarkably, this growth 
hormone-resistance was overcome if germ-free 
animals were monocolonized at birth with one 
but not another strain of Lactobacillus plantarum. 


Characterizing codevelopment of 
the microbiota and gut mucosal 
immune system 


Another important aspect of postnatal develop- 
ment involves functional maturation of the gut 
mucosal immune system. Quantifying immuno- 
globulin A (IgA) responses to members of the 
developing gut microbiota provides one way to 
characterize this process. IgA is the major class 
of antibody secreted by the gut mucosa. The 
intestinal IgA repertoire of breastfeeding infants 
initially consists of a mixture of antibodies pro- 
duced locally within the mucosa and antibodies 
present in breast milk but becomes entirely host- 
derived as IgA-secreting plasma cells populate 
the intestinal lamina propria through both T 
cell-dependent and -independent pathways. Fecal 
samples can be serially collected from members 
of birth cohorts and subjected to fluorescence- 
activated cell sorting (FACS) so as to distinguish 
IgA-targeted from nontargeted taxa [defined by 
means of 16S rRNA analysis of the IgA* and IgA" 
populations and expressed as an IgA index for 
each taxon (37, 41)]. Applying this method to 
samples collected from 40 pairs of healthy U.S.- 
born mono- and dizygotic twins revealed IgA re- 
sponses to 30 bacterial taxa that converge on a 
pattern shared across pairs by the second post- 
natal year. This convergence is not simply due 
to changes in the abundance of the targeted bac- 
terial taxa. Several of the targeted bacteria are 
age-discriminatory taxa defined by Random 
Forests-based analysis of microbiota develop- 
ment in this healthy U.S. birth cohort. Zygosity, 
mode of delivery, and breast versus formula feed- 
ing all had small but statistically significant ef- 
fects on targeting (37). 

These approaches for quantifying develop- 
ment of gut mucosal IgA responses and devel- 
opment of the gut microbiota can be applied to 
healthy and undernourished members of birth 
cohorts representing different geographic areas, 
distinctive cultural and dietary traditions, and 
varying degrees of sanitation. The results should 
reveal the extent to which features of the matu- 
ration of gut mucosal IgA responses generalize 
across populations and whether they correlate 
with MAZ scores, anthropometry, enteropatho- 
gen burden, and vaccine responses. (If the latter 
is true, this may help inform vaccination strategies 
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in populations with poor responses.) Intriguingly, 
analysis of feces obtained from gnotobiotic mice 
colonized with fecal microbiota obtained from 
twin pairs discordant for SAM revealed a group 
of IgA-targeted bacterial taxa in the SAM donor 
microbiota. The FACS protocol allowed these 
strains to be recovered in a viable form. Germ-free 
mice receiving the purified consortium of SAM- 
associated IgA-targeted taxa and fed a Malawian 


them into these birth cohorts studies should be 
very informative. 


Deciphering mechanisms that direct 
microbial community assembly 


Although progression from milk feeding to com- 
plementary feeding to a fully weaned state has a 
large effect on gut microbial community config- 
uration, the mechanisms that shape postnatal 


assembly of the human gut microbiota remain 
poorly understood. Preclinical gnotobiotic models 
should help address this challenge. The ability to 
generate clonally arrayed and genome-sequenced 
collections of cultured bacterial strains that rep- 
resent the diversity present in a given individual’s 
gut community makes it possible to introduce 
subsets of these organisms that represent differ- 
ent stages of community assembly into young 


diet developed an enteropathy char- 
acterized by disruption of small intes- 
tinal and colonic barrier function. The 
effects were diet-dependent (they did 
not occur if animals were fed a macro- 
and micronutrient-sufficient diet) and 
were prevented when a consortium of 
purified IgA-targeted bacterial strains 
from the healthy co-twin’s microbiota 
was added just before transfer of the 
SAM-derived strains (41). These find- 
ings indicate that the IgA response can 
be used to identify and characterize bac- 
terial effectors of enteropathy, strains 
that are potential therapeutic candi- 
dates, as well as the impact of specified 
dietary ingredients on pathogenesis (42). 

Arecent mouse study demonstrated 
a role for maternal microbial exposure 
in programming the immune responses 
of their pups (43). Pregnant germ-free 
mice were colonized with a genetically 
engineered F. coli strain that transient- 
ly colonizes the host, allowing dams to 
return to a germ-free state and deliver 
germ-free offspring. Transient mater- 
nal colonization was associated with 
changes in expression of pup intesti- 
nal genes involved in various facets of 
barrier function. This transmissible 
phenotype appears to be mediated in 
part by components of maternal mi- 
crobes transferred, via antibodies, dur- 
ing pregnancy and in breast milk. 


Mechanisms and future directions 


Identifying age- and growth-discriminatory 
bacterial taxa in preclinical models pro- 
vides an opportunity to use serially 
collected biospecimens and clinical 
metadata from completed, ongoing, 
or future birth cohort studies to ex- 
amine, in a focused and hypothesis- 
driven manner, the effects of a variety 
of factors implicated in the patho- 
genesis of childhood undernutrition 
on the gut microbiota. One conceptual- 
ization of pathogenesis is presented in 
Box 1. Birth cohort studies also offer 
an opportunity to examine the extent 
to which microbiota immaturity arises 
through a failure to progress through 
a normal developmental program and/ 
or through a regression owing to harm- 


Box 2. Societal considerations for microbiota-directed interventions 
for childhood undernutrition. 


Educating women about the microbiota and health 

Envisioning the impact of this knowledge and empowerment on 
child-rearing practices 

Assessing the cultural acceptability of microbiota-directed food 
products (includes labeling and associated public 
educational/advertising efforts) 

Defining price points for “affordability” and development of 
strategies that promote consumer compliance 

Identification of sources of ingredients, and designing 
manufacturing systems and distribution infrastructures that 
provide local economic benefit in order to ensure sustainable 
production of these products 

Ensuring partnerships between governmental, nongovernmental 
organization, and other potential stakeholders to enable broad 
implementation and mitigate risk for investment by 

industrial partners 

Understanding and shaping national views and policies related to 
ownership of foods (cultivars and recipes), their manufacture, 
branding, and associated intellectual property 

Assessing the downstream consequences of success in 
demonstrating the interrelationship between food, the gut 
microbiota, and healthy growth on national policies regarding 

(i) nutritional recommendations for children (including school 
age), (ii) the identification of more affordable nutritious sources 
of foods, and (iii) how best to define and ensure food safety (and 
support associated costs of implementing surveillance/testing) 
Delineating policies about the preservation, stewardship, and 
ownership of human-associated microbial resources within and 
across generations, within national borders, as well as policies related 
to the distribution of these resources across national borders 
Supporting anthropologic studies of how views about the 
association between microbes and humans (“self”) are 

shaped by cultural traditions and religious beliefs 

Conducting analyses of the ethical and regulatory implications and 
long-term consequences of deliberately shaping human development 
through manipulating the assembly of microbial communities 


germ-free animals. This will permit 
assessments of how each subset af- 
fects host biology, how varying the 
order of presentation of these com- 
munity subsets affects community 
“fate,” and what the effects of manip- 
ulating host genes have on commu- 
nity assembly. High-resolution time 
series studies need to be applied to 
these models that look beyond de- 
fining community structure, to ex- 
pressed functions. If cultured strains 
are amenable to whole-genome trans- 
poson mutagenesis, then gene-level 
definitions of the origin of their fit- 
ness in the evolving community can 
be ascertained (44). These approaches 
can also be used to model the effects 
of enteropathogen invasion and/or 
antibiotic administration at various 
stages of community assembly, in- 
cluding analyses of how the extent 
and route of recovery from these 
perturbations (resiliency) relate to 
stages of community development 
and composition. Intriguingly, re- 
covery from cholera infection in adults 
living in Bangladesh recapitulates 
many of the features of normal gut 
microbial community assembly seen 
in healthy infants and children, al- 
beit over a much shorter time scale 
[weeks as opposed to years (45)]. 
Yet another opportunity provided 
by these types of defined gnotobi- 
otic models is to characterize the 
effects of these manipulations along 
the length of the gut (at least at the 
time of euthanasia); this includes 
the proximal small intestine, where 
substantial host nutrient absorption 
occurs, and the ileum, where there 
is considerable cross-talk between 
microbes and the immune system. 
Ata minimum, these gnotobiotic 
experiments require that represen- 
tative human diets be developed, 
including those that support early 
colonizers of the human gut (includ- 
ing milk-based components if the 
recipient germ-free animals have al- 
ready been weaned). More detailed 
biochemical knowledge of the com- 
position of commonly consumed di- 


ful perturbations (with an attendant 
failure to recover). Given the high rates 
of discordance for undernutrition do- 
cumented in twins (6), incorporating 
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(Left) Woman cooking food in a slum in Dhaka City, Bangladesh. [Photo courtesy 
of Mustafa Mahfuz] (Right) Rural village of Makhwira in Chikwawa District, 
Malawi, an area with some of the highest rates of stunting and wasting in 
sub-Saharan Africa. [Photo courtesy of Indi Trehan] 


etary components is needed if their 
effects on the structural and func- 
tional maturation of the microbiota 
are to be deciphered. Developing 
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improved methods for quantifying spatial relation- 
ships between community members on partially 
digested food particles and at the mucosal-luminal 
interface would also add value to these analyses. 

The massive data sets emanating from these 
preclinical studies should provide unprecedented 
opportunities (and requirements for new tools) 
to model microbe-microbe interactions, includ- 
ing the underpinnings of syntrophic relationships 
and competition. The results of the modeling can 
be tested in vivo by using the types of gnotobiotic 
models described above, or in vitro including in 
microfluidic systems (46). Throughput is a bottle- 
neck for gnotobiotic experiments involving mice, 
but new caging systems offer the promise of in- 
creasing the ability to simultaneously test multi- 
ple combinations of defined collections of cultured 
gut microbes, or intact uncultured microbiota from 
multiple donors, outside of traditional flexible-film 
isolators. A variety of nonmammalian, genetically 
manipulatable vertebrate and invertebrate model 
organisms (such as Danio rerio, Drosophila mela- 
nogaster, and Caenorhabditis elegans) have been, 
are being, and need to be adopted for gnotobiotic 
studies. Moreover, in contrast to the hunt for 
genetic polymorphisms that affect susceptibility 
to infections in childhood with various pathogens 
(47), the search for polymorphisms that influence 
host-microbe interactions in undernutrition has 
produced few leads (48). Genetically manipulat- 
able preclinical models will hopefully help fill 
this gap in knowledge. 


Communication between the 
microbiota and host 


Identifying the mechanisms by which normally 
developing versus immature gut microbiota reg- 
ulate host physiology and metabolism is a for- 
midable and intimidating yet inspiring challenge 
because it offers an opportunity to greatly ad- 
vance our fundamental understanding of biolog- 
ical regulation in holobionts (hosts together with 
all of their microbial symbionts, both stable and 
transient). Basic principles can be gleaned by 
using preclinical models of the type described 
above, in which microbial community member- 
ship, host genotype, and environmental exposures 
can be systematically manipulated. The thera- 
peutic implications could be great. For example, 
there is a dearth of metabolomic studies of un- 
dernourished children before, during, and/or after 
treatment and of suitable healthy controls (32). 
Understanding how immature microbiota from 
undernourished donors transmit a reduced meta- 
bolic flexibility phenotype to recipient gnotobiotic 
animals is important for a number of reasons, 
including the fact that low-income countries 
are experiencing the dual burden of under- and 
overnutrition [obese individuals with metabolic 
syndrome also manifest reduced metabolic flexi- 
bility 74)]. 


Therapeutic considerations 


We need clinical POC that “catch-up” maturation 
of immature microbiota is feasible and sustainable. 
If the means are identified for sustained repair, 
then appropriately powered follow-on studies can 
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be conducted to ascertain the effect on clinically 
meaningful growth outcomes, enteropathogen bur- 
den, gut barrier function and EED biomarkers, 
vaccine responses, and neurologic function. 

One approach for shaping microbial com- 
munity maturation is through development of 
microbiota-directed therapeutic foods that target 
age- and growth-discriminatory taxa. Commonly 
consumed complementary foods represent a source 
of culturally accessible, locally available, and af- 
fordable food ingredients that have “co-evolved” 
with a human population and its microbiota. One 
testable hypothesis is that some of the ingredients 
in these foods promote the representation of 
growth-discriminatory taxa in proportions that 
are age-appropriate. Testing this hypothesis re- 
quires databases of food consumption patterns 
and in vivo models in order to efficiently test dif- 
ferent combinations and concentrations of these 
dietary ingredients for their effects on targeted 
age- or growth-discriminatory organisms. Fortu- 
nately, methods have already been described for 
performing diet oscillation studies in gnotobiotic 
mice colonized with defined consortia of bacterial 
strains and using linear modeling to identify which 
ingredients correlate with the abundances of given 
strains (49). A related question is whether the 
effects generalize to strain-level phylotypes ob- 
tained from different donors representing a pop- 
ulation or populations of interest. 

Complementary food-derived “leads” emerging 
from preclinical models can be advanced to human 
studies, assuming proper attention is paid to eth- 
ical, safety, and regulatory issues involved when 
enrolling children in vulnerable populations. Chil- 
dren who exhibit persistent MAM after the treat- 
ment of SAM represent a more stratified population 
with a history of severe microbiota immaturity 
than that of individuals who first present with 
MAM. Moreover, there is a clear unmet medical 
need, given the observed failures to progress be- 
yond MAM with current short-term therapeutic 
protocols (35). This issue of what subset of chil- 
dren to enroll in future POC studies emphasizes 
the need to develop affordable point-of-care diag- 
nostics for defining microbiota maturity. 

Until the POC clinical studies are performed, 
we will not know whether and to what extent 
these types of food-based interventions can dura- 
bly repair microbiota immaturity. We will also not 
know whether there are host factors that operate 
to regulate the rate of restoration of normal micro- 
biota maturity and what the effects are when an 
age-appropriate state is achieved over a time 
frame that is shorter than the extent of immatu- 
rity (for example, if rescue occurs over 2 months 
when the child has a microbiota that at the time 
of diagnosis is 8 months younger than what is 
appropriate for his/her chronological age). The 
finding that microbiota from 6-month-old in- 
fants conferred greater growth than those from 
18-month-old children in recipient mice has to be 
repeated by using samples serially collected from 
multiple individuals representing different pop- 
ulations in order to gain better understanding of 
the impact of rate (and route) of restoration of a 
perturbed microbiota on host biology. 


In this conceptualization, the primary end- 
point biomarker for testing lead microbiota- 
directed food prototypes would be MAZ scores, 
with enteropathogen burden and assays of gut 
mucosal immune function (such as IgA responses) 
serving as secondary end-point markers. A selected 
affordable lead can then be advanced to studies 
so as to determine its effects on growth and de- 
velopment outcomes and, if therapeutic efficacy 
is established, whether it has utility in prevent- 
ing disease. 

It is possible that sustained repair of severely 
perturbed gut communities will require combina- 
tions of food-based and microbial interventions— 
the latter with defined consortia of cultured strains, 
including those representing targets of the dietary 
interventions. The regulatory path for microbial 
interventions in children, especially for organisms 
that are not classified as “generally regarded as 
safe” (GRAS), is uncertain at present, as is the 
safety (both short and long term) of fecal micro- 
biota transplants in this population in which en- 
teropathogen load is great and barrier function 
often compromised. To date, clinical trials of pro- 
biotics classified as GRAS in children with under- 
nutrition have failed to show efficacy (50). 


Societal implications of deliberate 
microbiota-directed interventions in 
children 


The impact of increasing knowledge of the role of 
the microbiota in defining nutritional status will 
likely manifest itself in many ways. For these 
reasons, it is important that a holistic proactive 
view of the implications of this work be embraced 
and efforts made to prepare many elements of so- 
ciety through thoughtful engagement (Box 2). As 
clinical trials of the type described above are 
being planned, we issue a call for a comprehen- 
sive public dialogue about their benefits and per- 
ceived risks. Achieving a deep understanding of 
the biological as well as socioeconomic origins 
of this pervasive health problem will require “ante- 
disciplinary” people (57). The same is true if we 
are to develop and implement effective treatment 
and prevention strategies. As such, this area pro- 
vides an opportunity and need for universities to 
creatively evolve their educational strategies, po- 
licies (including access to their course content), 
and partnerships (within and across countries) 
in order to inspire and empower their students to 
acknowledge, confront, and overcome this daunt- 
ing 21st-century challenge during their lifetimes. 
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INTRODUCTION: Synthetic DNA can be pro- 
grammed by using canonical Watson-Crick base 
pairing to form highly structured nanometer- 
scale assemblies that rival many natural protein 
and RNA assemblies in structural complexi- 
ty. The use of a single-stranded scaffold DNA 
molecule that traverses the entire DNA ar- 
chitecture offers near-quantitative yield of 
target DNA-based objects, in addition to full 
control over their asymmetric three-dimensional 
(3D) structure and site-specific functional- 
ization for applications that include cellular 
delivery, nanoscale photonic materials, single- 
molecule imaging, and structured metamate- 
rials, among others. Design of these versatile 


Designer scaffolded DNA origami nanoparticles 


Top-down automatic sequence design 


Target 
geometry 
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ap int 
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DNA assemblies is currently limited, however, 
to experts who are knowledgeable in the se- 
quence design rules needed to fold a target 
DNA shape. 


RATIONALE: A fully autonomous design pro- 
cedure that computes the single-stranded DNA 
(ssDNA) sequences needed to fold an arbitrary 
3D shape offers the potential for broadening 
participation in this powerful molecular de- 
sign paradigm. Toward this end, we present 
the algorithmic framework DAEDALUS (http:// 
daedalus-dna-origami.org) that uses a simple 
surface-based representation of target 3D geo- 
metry to automatically generate the ssDNA 


DNA-based 
nanoparticle 


Structure 


Folding 


Stability 


DNA nanoparticle design, synthesis, and characterization. (Top) Top-down geometric speci- 
fication of the target geometry is followed by fully automatic sequence design and 3D atomic-level 
structure prediction. (Bottom) aPCR is used to synthesize object-specific ssDNA scaffold for 
folding. Nanoparticle stability is characterized in cellular media with serum and nanoparticle 3D 
structure is characterized by single-particle cryo-EM. 
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needed to synthesize the object. Target shapes 
are rendered with parallel DNA duplexes that 
are folded to form nanoparticles of high struc- 
tural fidelity that are also biologically compa- 
tible. Our approach realizes the fully automatic, 
top-down sequence design of nearly arbitrary 
structured 3D DNA assemblies based only on 
simple geometric representation, offering non- 
experts the ability to design synthetic DNA- 
based molecular architectures. 


RESULTS: We apply our computational algo- 
rithm to design a broad palette of 45 complex 
nanoparticle geometries including Platonic, 
Archimedean, Catalan, and Johnson solids, 

as well as more than 10 
arbitrarily shaped solids 
Read the full article that include both sym- 
at http://dx.doi. metric and asymmetric 
org/10.1126/ shapes. We apply asym- 
science.aaf4388 metric polymerase chain 
oswatencincee athe scaction (PCR) t0.cei- 
erate custom ssDNA scaffolds that result in 
high-fidelity folding of DNA nanoparticles of 
diverse shapes and sizes, which are also ver- 
ified to fold in low salt concentrations due to 
their open wireframe design. We use single- 
particle cryo-electron microscopy (cryo-EM) 
to obtain 3D reconstructions of six target 
objects that are consistent with 3D atomic 
model predictions within the nanometer-scale 
resolution obtained, and demonstrate versatil- 
ity of our algorithm in realizing both rigid and 
toroidal-like objects. Nanoparticles are demon- 
strated to be stable in cellular buffers in- 
cluding Dulbecco’s modified Eagle’s medium 
(DMEM) and fetal bovine serum (FBS). Our 
aPCR procedure offers facile amplification of 
target natural or synthetic DNA scaffolds for 
assays requiring high amounts of material, such 
as the cryo-EM reconstructions realized here. 


CONCLUSION: Inverse sequence design of 
structured DNA assemblies with full control 
over asymmetric 3D structure and sequence 
properties is a long-standing aim of molec- 
ular engineering. We present a general solu- 
tion to this problem that offers the ability for 
nonspecialists to design and synthesize nearly 
arbitrary DNA-based nanoparticles using only 
a simple surface representation of the target 
object. We provide open-source software to- 
gether with a versatile synthesis strategy to 
self-assemble complex nanoparticles that are 
stable in diverse buffers, including in physi- 
ological conditions, which offers the opportu- 
nity for their potential use in numerous in 
vitro as well as biomedical applications. ! 
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Scaffolded DNA origami is a versatile means of synthesizing complex molecular 
architectures. However, the approach is limited by the need to forward-design specific 
Watson-Crick base pairing manually for any given target structure. Here, we report a 
general, top-down strategy to design nearly arbitrary DNA architectures autonomously 
based only on target shape. Objects are represented as closed surfaces rendered as 
polyhedral networks of parallel DNA duplexes, which enables complete DNA scaffold 
routing with a spanning tree algorithm. The asymmetric polymerase chain reaction is 
applied to produce stable, monodisperse assemblies with custom scaffold length and 
sequence that are verified structurally in three dimensions to be high fidelity by single- 
particle cryo-electron microscopy. Their long-term stability in serum and low-salt buffer 
confirms their utility for biological as well as nonbiological applications. 


NA nanotechnology offers the ability to 

synthesize highly structured nanometer- 

scale assemblies that in principle could ri- 

val the geometric complexity found in 

natural protein and nucleic acid assemblies. 
The past decade has witnessed dramatic growth 
in the diversity of structured DNA assemblies that 
can be programmed from the bottom up to self- 
assemble into target shapes by complementary 
Watson-Crick base pairing (J-7). Scaffolded DNA 
origami is a particularly powerful means of syn- 
thesizing structured DNA assemblies, offering 
full control over both molecular weight and in- 
tricate nanometer-scale structure, with near- 
quantitative yield of the programmed product 
that relies on a single-stranded DNA (ssDNA) tem- 
plate (2, 5, 8, 9). Wireframe topologies based on 
the scaffolding principle have further demonstrated 
highly versatile control over two-dimensional 
(2D) and three-dimensional (3D) spatial archi- 
tecture (10-13). 

Similar to the challenge of structure-based pro- 
tein sequence design, which seeks to infer the ami- 
no acid sequence needed to fold a target protein 
structure of interest (14, 15), achieving a general 
strategy for structure-based design of synthetic 
DNA assemblies represents a major challenge as 
well as opportunity for nanotechnology. Although 
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numerous computational design tools exist to aid 
in the bottom-up, manual programming of scaf- 
folded DNA origami (J6), which requires com- 
plex scaffold routing and staple design to realize 
a target geometry based on Watson-Crick base 
complementarity, only one approach offers a so- 
lution to the inverse problem of sequence design 
based on specification of target geometry (13). 
However, this approach is only semi-automated 
and relies on single duplex DNA arms and multi- 
way junctions to represent polyhedral geometries, 
which may result in compliant and unstable as- 
semblies that are unsuitable for many applica- 
tions. Moreover, programmed geometries must 
be topologically equivalent to a sphere, substan- 
tially limiting its scope. 

As an alternative, here we introduce the fully 
automatic inverse design procedure DAEDALUS 
(DNA Origami Sequence Design Algorithm for 
User-defined Structures) that programs arbi- 
trary wireframe DNA assemblies based on an 
input wireframe mesh without reliance on user 
feedback or limitation to spherical topologies. 
We apply our procedure to design 35 Platonic, 
Archimedean, Johnson, and Catalan solids; six 
asymmetric structures; and four polyhedra with 
nonspherical topologies; each of which is spe- 
cified using surface geometry alone. Designed 
sequences are used to synthesize icosahedral, 
tetrahedral, cuboctahedral, octahedral, and rein- 
forced hexahedral structures by the asymmetric 
polymerase chain reaction (aPCR) for facile pro- 
duction of single-stranded scaffolds of custom 
length and sequence. Programmed objects are 
confirmed by cryo-electron microscopy (cryo-EM), 
folding, and stability assays to be both high- 
fidelity structurally and stable under low-salt 
buffer conditions important to biological as well 
as in vitro applications. These results demon- 
strate the broad applicability of our design and 


synthesis strategy for numerous potential ap- 
plications in biomolecular science and nano- 
technology, including nanoparticle (NP) delivery 
(7, 18), photonics (19, 20), inorganic NP synthesis 
(21, 22), memory storage (23-25), and single- 
particle cryo-EM analysis (3, 26-28), among others 
(7, 29, 30). The ability to synthesize nearly ar- 
bitrary geometric shapes that are automatically 
rendered from the top down should enable the 
broad participation of nonexperts in this power- 
ful molecular design paradigm. 


Top-down automatic sequence design 


To enable the fully automatic and robust inverse 
design of programmed DNA assemblies, we chose 
to render arbitrary geometries as node-edge net- 
works based on the DX-based wireframe motif in 
which interconnected edges consist of two du- 
plexes joined by means of antiparallel double 
crossovers (DX) (Fig. 1) (3, 10-12, 31). This strategy 
offered application of our procedure to any closed 
geometric surface, including nonspherical topologies 
such as a torus, provided that it can be rendered 
with polyhedral surface meshes. By means of this 
approach, the spatial coordinates of all vertices, 
the edge connectivities between vertices, and the 
faces to which vertices belong fully specify the 
target object (32). Standard polyhedron file for- 
mats containing this information are converted 
into this set of arrays, providing input to our scaf- 
fold routing and staple design procedure (Fig. 1, 
step i, and Fig. 2A). Programmed edges are re- 
quired to consist of multiples of 10.5 base pairs 
(bp) rounded to the nearest nucleotide (nt), as 
commonly assumed in DNA origami design to 
satisfy the natural helicity of B-form DNA. Obeying 
the natural geometry of DNA ensures that no over- 
or underwinding in duplexes occurs (33, 34), which 
may otherwise result in shape distortions that 
force deviation from the target geometry and 
would require iterative, ad hoc adjustment of 
edge lengths and sequence design (13). Notably, 
our algorithm has no theoretical limitation on 
the length of scaffold that can be used to program 
the target DNA origami object. 

Representing the target geometry as a polyhe- 
dral mesh that satisfies the preceding design crite- 
ria guarantees that a single-stranded scaffold can 
be routed uniquely throughout the entire object 
with an Eulerian circuit, without modifications to 
the target geometry. From the mesh, the graph of 
the target structure is computed, containing the 
vertex, edge, and face information (Fig. 1, step i). 
Scaffold routing is then assigned by using a span- 
ning tree (Fig. 1, step ii) generated with Prim’s 
algorithm (fig. S1) (35). Each of the edges that is a 
member of the spanning tree is assigned no scaf- 
fold crossover, whereas each remaining edge is 
assigned one scaffold crossover. For a given graph, 
every spanning tree therefore corresponds to a 
unique scaffold routing, where, by default, Prim’s 
algorithm generates a maximally branching span- 
ning tree (figs. S1 and S2) that has been suggested 
for folding 2D nets to self-assemble more reliably 
than linear trees (36). The use of DX arms to rep- 
resent edges ensures that a solution to the scaffold 
routing problem is obtained efficiently in solution 
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time that scales as E log V, where E and V are the 
numbers of edges and vertices, respectively (35). 
To complete the scaffold routing, a scaffold cross- 
over is placed at the center of each edge that is 
not part of the preceding spanning tree. From 
the scaffold crossover positions and spanning tree, 
the circuit for the scaffold routing is determined, 
specifying the order in which the scaffold visits 
each vertex and crossover while ensuring that the 
scaffold does not intersect itself at vertices (Fig. 1, 
step iii) (37). A linear scaffold nick position is set 
to ensure that it is noncoincident with crossovers 
and other nicks, with the polarity of its routing 
chosen to be counterclockwise around each face 
because of the preference of the major groove to 
orient inwards at vertices (38). Thus, use of our 
spanning tree approach enables fully automatic 
conversion of the input polyhedral geometry to 
full scaffold routing based on the single circuit 
that traverses each duplex once. 

With the scaffold routing determined, staple 
strands are assigned automatically by using dis- 
tinct rules for vertex versus edge staples, enabling 
the assignment of staple strand sequences assum- 
ing Watson-Crick base complementarity (Fig. 1, 
step iv) (32). Vertex staples hybridize to the scaf- 
fold in the 10 to 11 bp closest to vertices, comprising 
52- and 78-nt staples, the numbers of which are 
determined by the degree of the vertex (32). Edge 
staples occupy the intermediate regions, spanning 
across scaffold crossovers to help rigidify each edge 
by creating crossovers every 10, 11, or 21 bp (32). 
Finally, the positions and orientations of each 
nucleotide are modeled to predict the 3D structure 
of the NP (Fig. 1, step v, and fig. S3) (32). Critically, 
in contrast with previous tile-based approaches 
that used this DX-motif to synthesize NPs of di- 
verse form (3), the use of a ssDNA scaffold that is 
routed throughout the entire object in our strategy 
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offers near-quantitative yield of the final product 
in its self-assembly without dependence on rela- 
tive multiarm junction tile concentrations, as well 
as full control over DNA sequence. This final feature 
is essential to biomolecular applications that use 
spatially specific asymmetric sequence program- 
ming for protein or RNA scaffolding, as well as 
other chemical functionalization. 

To test the generality and robustness of our de- 
sign procedure to be applied to diverse polyhedral 
geometries, we first applied it to design Platonic 
solids, which have equal edge lengths, angles, and 
vertex degrees; followed by geometries of increas- 
ing complexity, including Archimedean solids 
with unequal vertex angles; Johnson solids that 
include heterogeneity in vertex degrees; and 
Catalan solids that have unequal edge lengths 
(Fig. 2). Applicability to asymmetric and non- 
convex objects specified on the basis of surface 
geometry alone (13) was also confirmed (Fig. 2 
and fig. S4), in addition to nonspherical topologies, 
including a nested cube, a nested octahedron, and 
tori that have not been previously realized exper- 
imentally (3, 12) and cannot be solved computa- 
tionally with existing procedures (13). Fifteen of 
these structures required scaffolds longer than the 
7249-nt M13mpi18 (39), for which random sequen- 
ces of appropriate length were generated (Fig. 
2B). Taken together, these examples illustrate the 
broad ability of our procedure to automatically 
generate complex scaffold and staple routings for 
diverse geometries based on top-down geometric 
specification alone (Fig. 2). 


Custom scaffold production with 
asymmetric PCR 


To investigate the synthetic yield and homogeneity 
of self-assembled objects programmed with our 
computationally generated scaffold and staple de- 
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signs, we used the aPCR (40) to generate object- 
specific scaffolds for folding (figs. S6 and S7) (32). 
These custom scaffolds minimize excess ssDNA 
in the final structure, which may result in non- 
specific object aggregation or otherwise interfere 
with folding as well as downstream chemical func- 
tionalization (Fig. 3 and fig. S8) (2, 47, 42). Mono- 
dispersity of multiple custom linear short scaffold 
strands synthesized, ranging from 450 to 3400 nt, 
was first confirmed by gel electrophoresis of aPCR 
products based either on the M13pm18 ssDNA 
plasmid or double-stranded DNA (dsDNA) frag- 
ments as templates (Fig. 3). Custom scaffolds were 
used to fold tetrahedra of 31-, 42-, 52-, 63-, and 
73-bp edge lengths in addition to an octahedron, 
two pentagonal bipyramids (42- and 52-bp edge 
lengths), a cube, a reinforced cube, an icosahedron, 
a cuboctahedron, and a nested cube (Fig. 4 and 
figs. S8 to S18) (32). Folded objects were analyzed 
by single-particle atomic force microscopy (AFM) 
after purification, which confirmed their fold- 
ing yields of up to 90% (table S3) and particle 
homogeneity that is characteristic of scaffolded 
DNA origami objects (Fig. 2 and figs. S12 to 18). 
Notably, application of our aPCR approach offers 
folded sample purity that is similar to that of 
existing synthesis strategies that use restriction 
enzymes to generate subfragment scaffolds (Fig. 3 
and figs. S6 and S7) (43), yet without dependence 
on restriction sites and with higher synthetic 
yield. Redesign of vertex staple nicks to be po- 
sitioned at crossovers instead of interior segments 
of duplexes also resulted in increased folding 
stability (fig. S19) (32). Thus, diverse polyhedral 
origami objects from 270 kDa to 2 MDa pro- 
grammed with our top-down, inverse sequence 
design procedure self-assembled robustly by using 
scaffolds of custom length and sequence, which 
may be natural or synthetic. 
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Fig. 1. Top-down sequence design procedure for scaffolded DNA origami nanoparticles of arbitrary shape. Specification of the arbitrary target geometry 
is based on a continuous, closed surface that is discretized with polyhedra. This discrete representation is used (step i) to compute the corresponding 3D graph 
and (step ii) spanning tree. The spanning tree is used (step iii) to route the ssDNA scaffold throughout the entire origami object automatically, which then 
enables (step iv) the assignment of complementary staple strands. Finally, (step v) a 3D atomic-level structural model is generated assuming canonical B-form 
DNA geometry, which is validated using 3D cryo-EM reconstruction. 
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Platonic Archimedean Johnson 

Fig. 2. Fully automatic sequence design of 45 diverse scaffolded DNA 
origami nanoparticles. (A) Face-shaded 3D representations of geometric 
models used as input to the algorithm. (B) Three-dimensional atomic models 
of DNA-rendered nanoparticles for (blue) Platonic, (red) Archimedean, (green) 
Johnson, (orange) Catalan, and (violet) miscellaneous polyhedra generated 
using the automatic scaffold routing and sequence design procedure (particles 
are not shown to scale). Miscellaneous polyhedra include (first column) hepta- 


gonal bipyramid; enneagonal trapezohedron; small stellated dodecahedron, a 


a 


ey, 


Catalan Miscellaneous 


type of Kepler-Poinsot solid; rhombic hexecontahedron, a type of zonohedron; 
Goldberg polyhedron G(2,1) with symmetry of Papillomaviridae; (second column) 
double helix; nested cube; nested octahedron; torus; and double torus. Platonic, 
Archimedean, and Johnson solids each have 52-bp edge length, Catalan solids 
and the first column of miscellaneous polyhedra have minimum 42-bp edge 
length, and the second column of miscellaneous polyhedra have minimum 31-bp 
edge length. Thirty of the 45 structures shown have scaffolds smaller than the 
7249-nt M13mp18, whereas 15 have scaffold lengths that exceed it (table S2). 


Cryo-EM 3D reconstruction 

Next, we evaluated the structural fidelity of pro- 
grammed origami objects by using single-particle 
cryo-EM and 3D reconstruction (Fig. 5 and figs. 
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$20 to S27) (32). Cryo-EM imaging confirmed the 
abundance of well-folded single DNA NPs of ex- 
pected sizes and shapes, which were used to gen- 
erate 3D density maps (Fig. 5). All maps were 


validated by matching class averages, map pro- 
jections, and tilted-pair images (figs. S28 to S33) 
(32). Three-dimensional atomic structures of pro- 
grammed DNA origami objects were predicted 
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Fig. 3. aPCR strategy to synthesize custom ssDNA scaffolds. (A) ssDNA scaffolds of custom length and sequence for each target structure are amplified 
using either a single- or double-stranded DNA template mixed with appropriate primer pairs consisting of 50x sense primer and 1x antisense primer 
concentration relative to the scaffold concentration. (B) Amplified ssDNA products are purified and analyzed by agarose gel electrophoresis. 
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Fig. 4. Folding and 2D structural characterization of scaffolded DNA origami nanoparticles. (A) Characterization of folding for five platonic solids (52-, 
63-, and 73-bp edge-length tetrahedra; 52-bp edge-length octahedron; 52-bp edge-length icosahedron) by agarose gel electrophoresis, AFM and cryo-EM. 
(B) Characterization of folding for one Archimedean solid (52-bp edge-length cuboctahedron), one miscellaneous solid (reinforced cube with 52- and 73-bp 
edge lengths), and one Johnson solid (42- and 52-bp edge-length pentagonal bipyramid), using agarose gel electrophoresis, AFM, and cryo-EM. M: DNA 
marker; sc: custom ssDNA scaffold. Scale bars: 20 nm for AFM and cryo-EM and 10 nm for atomic models. 


by using a rigid duplex model in which each 
edge is composed of two parallel duplexes with 
the central axis of each edge meeting at a single 
point that is specified in the input graph (32). 
Quantitative comparison of model predictions 
with cryo-EM reconstructions revealed favor- 
able agreement, with correlations ranging from 
0.73 for the tetrahedron to 0.92 for the cubocta- 
hedron, and resolutions comparable to those of 
previous wireframe DX designs based on tile as- 
sembly that produces polydisperse samples (Fig. 
5A and fig. S28) (3). Interestingly, the tetrahe- 
dron exhibited outward bowing of its edges 
(Fig. 5B and fig. S29), which has been previ- 
ously observed for single-duplex edges (44) 
and may be attributable to its smaller acute 
interior angles compared with those of other 
designed objects, which may result in steric overlap 
of adjoining DNA duplexes at vertices. Structure- 
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based molecular modeling is of interest to test 
possible redesigns of the tetrahedral object that 
may improve agreement with the target, input 
geometry. Comparison of the cuboctahedron re- 
construction with two competing models for 
vertex geometry suggested that duplex overlap 
is preferred over backbone stretching in deter- 
mining overall equilibrium shape (Fig. 5D and 
figs. S3 and S30). 

Notably, cryo-EM reconstructions suggested 
that origami objects assembled as designed in- 
stead of “inside-out” while satisfying programmed 
Watson-Crick base pairing from sequence de- 
sign (32). This result reaffirms the suitability 
of our sequence design algorithm to choose to 
point the major groove inward at vertices, which 
was based on the previous observation that 
DNA origami folds in this manner (38). These 
two variants are distinguished experimentally 


by the designed asymmetry that places a 1-bp 
overhang on the 5’ end of the scaffold on each 
edge to keep the scaffold and staple crossovers 
perpendicular to the helical axis. Although 3’-end 
overhangs would have also achieved this, our 
choice of 5'-end overhangs anticipates a right- 
handed twist of the central hole of each vertex 
when the structures fold as prescribed, which 
is supported experimentally for the octahedron 
in which the chirality of the vertex twist is ap- 
parent (Fig. 5C and fig. $31). Notwithstanding, 
the extent to which the edges twist is not pre- 
dicted by a simple geometric model that as- 
sumes that edges meet straight-on at vertices, 
deviating from the ~15° right-handed twist ob- 
served experimentally. 

Although individual DX-based polyhedral edges 
are expected to be more structurally rigid than 
single-duplex edges used previously (13), some 
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Fig. 5. Three-dimensional structural characteriza- 
tion of scaffolded DNA origami nanoparticles using 
cryo-EM reconstruction and comparison with mod- 
el predictions. (A) Programmed edges of the 52-bp 
edge-length icosahedron are straight and vertices are 
rotationally symmetric, as designed. Cryo-EM resolu- 
tion is 2.0 nm and correlation with the model is 0.85 
(55). (B) Edges of the 63-bp edge-length tetrahedron 
reveal outward bowing (arrow) attributable to its acute 
interior angles that might result in steric hindrance. 
Cryo-EM resolution is 1.8 to 2.2 nm and correlation 
with the model is 0.72. (C) A 15° right-handed twist is 
visible at each vertex (arrow) of the 52-bp edge-length 
octahedron, which suggests that the structure folds 
as prescribed rather than “inside-out.” Cryo-EM reso- 
lution is 2.5 nm and correlation with the model is 0.89. 
(D) A 52-bp edge-length cuboctahedron has unequal 
angles between edges that meet at vertices (arrows), 
which supports a rigid-duplex model in which phos- 
phate backbone stretch is minimized (32). Cryo-EM 
resolution is 2.9 nm and correlation with the model is 
0.92. (E) The addition of 73-bp reinforcing struts to a 
simple cube of 52-bp edge-length increases its struc- 
tural homogeneity to produce a 3D reconstruction 
with 915 particles. With the reinforcement, the particles 
maintain right-angled vertices (upper arrow). The diag- 
onal edges form a tetrahedral symmetry that exhibits 
outward bowing (lower arrow). Cryo-EM resolution is 
2.7 nm and correlation with model is 0.72. (F) Three- 
dimensional reconstruction of a nested cube within a 
cube that has nonspherical topology. The 73-bp edge- 
length outer cube is connected to a 32-bp edge-length 
inner cube by eight 31-bp edge-length diagonals. Cryo- 
EM resolution is 4.0 to 4.5 nm and correlation with the 
model is 0.74. Scale bars: 5 nm. 


surfaced-rendered polyhedral objects may still 
be expected to be structurally compliant be- 
cause of their overall geometry, as in the case of 
the simple cube with 52-bp edge lengths that 
was initially observed by AFM and cryo-EM to 
fold into heterogeneous single particles (Fig. 2 
and figs. S34 to S36). To test the ability of our 
algorithm to reprogram such flexible objects— 
to render them rigid for applications including 
single-particle cryo-EM at subnanometer reso- 
lution that requires highly homogeneous struc- 
tural populations for reconstruction—we applied 
it to redesign a new, reinforced cube (Fig. 5E 
and fig. S32). We hypothesized that the ob- 
served heterogeneity in the simple cube resided 
in its vertex flexibilities, in which right-angle 
vertices can change in concert while maintain- 
ing constant edge lengths in shearing modes. 
To eliminate this compliant mode of deforma- 
tion, we sought to introduce cross-bars on each 
face. Reinforced structures folded into highly 
homogeneous hexahedral objects that enabled 
single-particle cryo-EM imaging and reconstruction 
that agreed with 3D atomic model predictions 
(Fig. 5E and fig. S32). Surprisingly, constraining 
edge lengths to be multiples of 10.5 bp did not 
prove restrictive in achieving this target redesign, 
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which required introduction of 73-bp cross-bars 
across each face (Fig. 5E and fig. S32). Although 
in principle this agreement may be attributable 
to the overall symmetry of the object, further 
bowing of edges may equally have been anti- 
cipated on the basis of steric overlap or duplex 
crowding at vertices. Given that uniform tri- 
angular polyhedra or other simple rules do not 
apply generally to the ultimate aim of rendering 
mechanically rigid surface geometries, general- 
izing this preceding redesign strategy from the 
hexahedron to other objects represents an import- 
ant future challenge and demonstrates the versa- 
tility of our top-down sequence design procedure. 

To test the ability of our algorithm to design 
scaffolded DNA origami objects of nonspher- 
ical topology and with internal structure that 
have not been previously realized experimentally 
(3, 12) and cannot be designed with existing top- 
down computational design procedures (13), 
we synthesized the nested cube (Fig. 2B) and 
reconstructed its 3D structure using cryo-EM 
(Fig. 5F and fig. S33). Although the folding yield 
and cryo-EM resolution of this object were some- 
what lower than for other objects (32), possibly 
due to the flexibility that is intrinsic to cubelike 
geometries, noted above, the ability to program 


internal structure substantially broadens the 
scope for synthesizing such complex scaffolded 
origami objects (45) in a one-step folding reaction. 


Folding and stability characterization 


An important limitation of DNA origami, for bio- 
logical as well as in vitro applications, has been 
the requirement of high concentrations of either 
magnesium or monovalent cations for their fold- 
ing and stability (42, 46), which was recently shown 
to be alleviated by the use of single-duplex edge 
meshworks that fold and are stable in physiologi- 
cal buffer and salt conditions (13). Investigation 
of the folding properties of DX-based objects syn- 
thesized here revealed that objects fold effectively 
in cation concentrations as low as 4 mM Mg”* and 
500 mM Na’ (Fig. 6 and figs. S37 to S48), as well 
as in phosphate-buffered saline (PBS) alone (figs. 
S49 to S53). Although these results mirror those 
for wireframe structures employing single-duplex 
edges (13), our use of DX arms and multiway junc- 
tions (JI, 12) here results in structurally stable 
assemblies of enhanced rigidity that are crucial to 
many applications. To test the utility of our objects 
for cellular assays, after folding in TAE-Mg”*, 
particles were transferred to PBS and Dulbecco’s 
modified Eagle’s medium (DMEM) containing 0 to 
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Fig. 6. Characterization of scaffolded DNA origami nanoparticle folding in variable concentrations 
of added salt. Characterization of folding of the 52-bp edge-length pentagonal bipyramid in increasing 
magnesium chloride (MgCl2) and sodium chloride (NaCl) concentration using 2% agarose gel elec- 
trophoresis and AFM imaging. Critical concentrations for folding are 4 mM MgClo and 500 mM NaCl in 
TRIS-acetate (pH 8.0). M: DNA marker; sc: custom ssDNA scaffold. Scale bars: 30 nm. 


10% fetal bovine serum (FBS), where they were 
found to be stable for at least 6 hours (Fig. 7 
and figs. S54 to S59). When transferred to salt- 
free solution after folding, however, particles 
were observed to be unstable, confirming the 
well-known importance of a minimal amount of 
added salt for their longer-term stability (Fig. 7 
and fig. S58). Interestingly, folding of the 52-bp 
tetrahedron with the full M13 scaffold instead of 
its custom scaffold also required higher magne- 
sium concentrations to achieve folding, reaffirm- 
ing the importance of the use of scaffolds that 
eliminate excess ssDNA (fig. S8). 


Outlook 


Structure-based, rational design of macromo- 
lecular assemblies, including both nucleic acids 
and proteins, is a long-standing aim of nano- 
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technology and biological engineering. Unlike 
proteins, which contain a myriad of specific 
and nonspecific interresidue interactions that 
determine their local and global folds, and 
RNA, which exhibits promiscuity in base pair- 
ing and secondary structure, synthetic DNA 
assemblies are well established to be highly 
programmable with Watson-Crick base pair- 
ing alone (J, 2). In particular, wireframe poly- 
hedral geometries offer the powerful ability to 
program nearly arbitrary 3D geometries on 
the nanometer scale, limited only by current 
size constraints imposed by single-stranded 
scaffold lengths. This important and versatile 
class of topologies therefore has broad potential 
for programming complex nanoscale geome- 
tries, including biomimetic systems inspired 
by viruses and photosynthetic systems, as well 
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Fig. 7. Characterization of scaffolded DNA ori- 
gami nanoparticle stability in physiological 
buffer and serum. Agarose gel electrophoresis 
and AFM structural characterization of the 52-bp 
edge-length pentagonal bipyramid after 6 hours in 
PBS, TAE (without added NaCl or MgClo), and 
DMEM buffer with increasing concentration of FBS 
(O, 2, and 10%) after folding in TAE-Mg** buffer 
(12 mM MgClz) followed by buffer exchange. Sta- 
bility is observed for structures in PBS buffer but 
not in TAE owing to the absence of salt, which 
demonstrates the importance of a minimal salt 
concentration for stability. AFM imaging reveals the 
presence of intact objects after 6 hours in DMEM 
media in the presence of 2 to 10% FBS despite 
partial degradation observed in agarose gel elec- 
trophoresis. Scale bars: 30 nm. 


as other highly evolved natural macromolecular 
assemblies. Achieving full automation of in- 
verse sequence design with this versatile wire- 
frame approach has the potential to realize the 
original vision of Ned Seeman to program nano- 
scale materials with full 3D control over po- 
sitioning of all atomic-level groups (J, 47). As a 
major advance in this direction, we developed 
a top-down, geometry-driven sequence design 
procedure that uses a spanning tree algorithm 
to determine scaffold crossover positions. This 
enables efficient and unique routing of the single- 
stranded scaffold throughout any target ori- 
gami object of arbitrary polyhedral shape and 
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molecular weight, as well as automated staple 
assignment to enable custom synthesis of pro- 
grammed origami objects of near-quantitative 
yield and high-fidelity atomic-level structure. 
Asymmetric PCR is demonstrated to provide 
full control over scaffold sequence and length, 
verified between 449 to 3356 nt, and use of 
the DX-based design further confers folding 
capacity and stability under diverse conditions, 
including cell-compatible buffers. Our strategy 
to realize the top-down design of nanoscale 
DNA assemblies offers full control over both 3D 
structure and local sequence which, together 
with our broadly usable software and exper- 
imental protocols, provides a versatile approach 
to the design of functionalized DNA objects of 
nearly arbitrary shape for photonic applications 
(19, 48, 49), including self-assembled superlat- 
tices (60), cellular delivery (18, 57), memory storage 
devices (23-25), and single-particle cryo-EM 
reconstruction assays (3, 26-28) for proteins 
and RNAs that are not otherwise amenable to 
crystallography or nuclear magnetic resonance. 
Possible future generalizations of our approach 
may include rendering polyhedral networks with 
edges of arbitrary cross-section (4) for applica- 
tions requiring further enhanced NP rigidity and 
closed surface topologies, such as inorganic nano- 
particle synthesis (21, 22) and hybrid nanoscale 
materials (52). 


Materials and methods 
Top-down sequence design 


DAEDALUS is available for use as open-source 
software (32) and online at http://daedalus-dna- 
origami.org. Additional details can be found in 
Supplementary Materials (32) and in documen- 
tation provided with the software. 


Single-stranded DNA scaffold 
amplification using aPCR 


aPCR was performed with a sense primer con- 
centration of 1 uM, an antisense primer concen- 
tration of 20 nM (table S2), 30 ng of M13mp18 
ssDNA template or 10 ng of dsDNA gBlocks, 
200 uM deoxynucleotide triphosphates mixed 
in a final volume of 50 ul and 1 unit of Accustart 
Taq DNA polymerase HiFi. The aPCR program 
used is as follows: 94°C, 1 min for the initial dena- 
turation; followed by 30 to 40 cycles of 94°C, 20 s; 
55° to 59°C, 30 s; 68°C, 1 min per kilobase to 
amplify. PCR products were run through 1% low- 
melting temperature agarose gel and were extracted 
and purified with Zymoclean Gel DNA recovery kit. 


DNA origami assembly and purification 


In a one-pot reaction, 5 to 40 nM scaffold strand 
was mixed with 50 to 800 nM ofa staple strands 
mix in a Tris-acetate EDTA-MeCl, (TAE-Mg”*) 
buffer [40 mM Tris, 20 mM acetic acid, 2 mM 
EDTA, 12 mM MgCl, (pH 8.0)]. Annealing was 
performed in a thermal cycler with the following 
program: 95°C for 5 min, 80° to 75°C at 1°C per 
5 min, 75° to 30°C at 1°C per 15 min, and 30° to 
25°C at 1°C per 10 min. Fresh DNA origami so- 
lutions were purified with an Amicon Ultra-0.5 ml 
centrifugal filter [molecular weight cut-off (MWCO) 
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100 kDa] to remove excess of staple strands and 
stored at 4°C. 


Stability experiments 


After buffer exchange with Amicon Ultra-0.5 
(MWCO 100 kDa) DNA origami stability was 
evaluated for 6 hours in TAE, PBS, or DMEM 
buffer complemented with FBS. 


Agarose gel electrophoresis 


Samples were loaded in 2% agarose gel in Tris-acetate 
EDTA buffer supplemented with 12 mM MgCl, 
and prestained with EtBr. Gels were run on a 
BioRad electrophoresis unit at 4°C for 3 to 4 hours 
under a constant voltage of 70 V. Gels were imaged 
with a Gene flash gel imager (Syngene, Inc.), and 
yield was estimated by analyzing the band inten- 
sity with the Gel Analyzer program in the ImageJ 
software (53). 


Atomic force microscopy (AFM) 


Samples for AFM were annealed at a concentra- 
tion of 5 nM in TAE-Mg** (12 mM) buffer and 
subsequently purified before AFM imaging. A 
1.5-11 volume of the samples was deposited onto 
freshly peeled mica (Ted Pella, Inc.), and 10 ul of 
1x TAE-Mg** buffer were added to enlarge the 
solution drop to cover the whole mica surface. A 
1.5-1 volume of NiCly (100 mM) was added to the 
drop immediately. After leaving about 30 s for 
adsorption to the mica surface, 70 ul of 1x TAE- 
Mg”* buffer were added to the samples and an 
extra 40 ul of the same buffer were deposited 
on the AFM tip. The samples were scanned 
in “ScanAssyst mode in fluid” by using an AFM 
(Dimension FastScan, Bruker Corporation, Inc.) 
with SCANASSYST-FLUID+ tips. 


Cryo-EM 

Fifteen to 25 tubes of samples were freshly an- 
nealed at a scaffold concentration of 20 nM in 
50 ul of TAE-Mg** buffer, pooled, purified, and 
concentrated with an Amicon column Ultra-0.5 ml 
centrifugal filter (MWCO 100 kDa) to a final vol- 
ume of 20 to 30 ul. Two microliters of the freshly 
concentrated DNA nanostructure solution were 
applied onto the glow-discharged 200-mesh Quan- 
tifoil grid, blotted for 1.5 s, and rapidly frozen 
in liquid ethane with a Vitrobot Mark IV (FEI). 
All grids were screened on a JEM2200FS cryo- 
electron microscope (JEOL) operated at 200 kV 
with in-column energy filter with a slit of 20 eV. 
Micrographs of the icosahedron, tetrahedron, cub- 
octahedron, and octahedron were recorded with 
a direct detection device (DDD) (DE-20 4kx5k 
camera, Direct Electron, LP) operating in movie 
mode at a recording rate of 25 raw frames per 
second at 25,000x microscope magnification 
(corresponding to a calibrated sampling of 2.51 A 
per pixel) and a dose rate of ~21 electrons s' A? 
with a total exposure time of 3 s. Micrographs of 
the reinforced cube and the nested cube were rec- 
orded on a 4kx4k charge-coupled device camera 
(Gatan, Inc.) at 40,000 microscope magnification 
(corresponding to a calibrated sampling of 2.95 A 
per pixel) and a dose rate of ~20 electrons s' A? 
with a total exposure time of 3 s. A total of 180 


images for the icosahedron, 91 images for the tet- 
rahedron, 101 images for the cuboctahedron, 100 
images for the octahedron, 36 images for the re- 
inforced cube, and 152 images for the nested cube 
were collected with a defocus range of ~1.5 to 41m. 


Single-particle image processing and 

3D reconstruction 

Particle images recorded on a DE-20 detector 
were motion corrected and radiation damage 
compensated (24). The motion correction was 
done with running averages of three consecutive 
frames by using the DE_process_frames.py script 
(Direct Electron, LP). Single-particle image process- 
ing and 3D reconstruction was performed with 
the image processing software package EMAN2 
(54). EMAN2 was used for initial micrograph eval- 
uation, particle picking, contrast transfer function 
correction, 2D reference-free class averaging, ini- 
tial model building, and 3D refinement. All ini- 
tial models for the DNA origami objects were 
built from 2D reference-free class averages. For 
final refinement, 3650 particles were used for the 
icosahedron, 2183 particles for the tetrahedron, 
1758 particles for the cuboctahedron, 2678 particles 
for the octahedron, 915 particles for the reinforced 
cube, and 2008 particles for the nested cube, ap- 
plying icosahedral, tetrahedral, octahedral, octa- 
hedral, tetrahedral, and octahedral symmetries, 
respectively. Resolutions for the final maps were 
estimated with the 0.143 criterion of the Fourier 
shell correlation curve without any mask. A Gaussian 
low-pass filter was applied to the final 3D maps 
displayed in the UCSF Chimera software package 
(55). Correlation of each map with its correspond- 
ing atomic model is calculated by the UCSF 
Chimera fitmap function. 

Tilt-pair validation for the cryo-EM map (56) 
was performed by collecting data at two gonio- 
meter angles, 0° and -10° for each region of the 
grid. The test was performed with the e2tiltvalidate. 
py program in EMAN2. Additional details on the 
tilt-pair validation are provided in table S3. 


Quantitative PCR thermal analysis 


Quantitative PCR (QPCR) analyses were performed 
in a Roche LightCycler” 480. A scaffold concentra- 
tion of 80 nM was used for the tetrahedron fold- 
ing analysis, and the concentrations of each strand 
were adjusted to 1 uM for the three-way junc- 
tions. Samples were complemented with 1x final 
concentration of SYBR Green in a final volume of 
20 wl. Fluorescence curves obtained were analyzed 
with first-order derivatives to identify transition 
temperatures. 
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INNATE IMMUNITY 


A sentinel goblet cell guards 
the colonic crypt by triggering 
Nlrp6-dependent Muc2 secretion 


George M. H. Birchenough, Elisabeth E. L. Nystrém, 


Malin E. V. Johansson, Gunnar C. Hansson* 


Innate immune signaling pathways contribute to the protection of host tissue when bacterially 
challenged. Colonic goblet cells are responsible for generating the two mucus layers that 
physically separate the luminal microbiota from the host epithelium. Analysis of colonic tissues 
from multiple mouse strains allowed us to identify a “sentinel” goblet cell (senGC) localized to 
the colonic crypt entrance. This cell nonspecifically endocytoses and reacts to the TLR2/1, 
TLR4, and TLRS ligands by activating the Nirp6 inflammasome downstream of TLR- and 
MyD88-dependent Nox/Duox reactive oxygen species synthesis. This triggers calcium ion— 
dependent compound exocytosis of Muc2 mucin from the senGC and generates an intercellular 
gap junction signal; in turn, this signal induces Muc2 secretion from adjacent goblet cells in the 
upper crypt, which expels bacteria. Thus, senGCs guard and protect the colonic crypt from 
bacterial intruders that have penetrated the inner mucus layer. 


he intestinal epithelium separates the lu- 

minal microbiota from the systemic tissues, 

but it is not the first line of defense. That 

function falls to the colonic mucus layers, 

which are composed of polymeric sheets of 
Muc2 mucin (/, 2). The colonic mucus has an 
inner layer formed of closely packed Muc2 sheets 
and a less organized outer layer. The inner layer 
is impenetrable to bacteria, whereas the outer 
layer serves as a habitat for the microbiota (J). 
Deletion of Muc2 in mice eliminates the mucus, 
causing bacterial colonization of the crypts, in- 
flammation, and carcinogenesis (J, 3). The mucus 
layers are vital for preventing colitis, but they 
must function cooperatively with other elements 
of the epithelial innate immune system. These 
include TLR-MyD88 (Toll-like receptor-myeloid 
differentiation primary response gene 88) signaling 
and the Nirp6 (NOD-like receptor family pyrin 
domain-containing 6) inflammasome; deletion 
of either TLR-MyD88 signaling or the Nirp6 
inflammasome renders the host susceptible to 
severe experimental colitis (4-7). 

Mucus components, including Muc?2, are pro- 
duced by intestinal goblet cells (GCs). As GCs 
migrate up the colonic crypt, they manufacture, 
store, and release Muc2 by regulated secretion. 
The colonic surface GCs continuously secrete 
Muc2 and maintain the mucus layers (8). Co- 
lonic GCs express TLRs, MyD88, and the Nlrp6 
inflammasome (9, 0). Thus, the crucial platforms 
for tissue preservation under challenge are ex- 
pressed by the GCs. Endogenous factors (e.g., 
acetylcholine) trigger Muc2 secretion from co- 
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lonic GCs (11, 12); however, it is unknown whether 
microbial TLR ligands—for example, lipopolysac- 
charide (LPS) or lipoteichoic acid (LTA)—might 
regulate mucin secretion. 


Bacterial TLR ligands induce Muc2 
secretion 


We first investigated the capacity of bacterial 
TLR ligands to stimulate Muc2 secretion from mu- 
rine colonic GCs (Fig. 1A). Using dynamic changes 
in explant mucus thickness as an indicator of se- 
cretion (12, 13), we observed that LTA, bacterial 
DNA, and the peptidoglycan subcomponents 
muramyl dipeptide (MDP) and y-p-glutamyl- 
meso-diaminopimelic acid (iE-DAP) failed to 
elicit any secretory response. Conversely, LPS, its 
subcomponent lipid A, the synthetic triacylated 
lipopeptide P3CSK4, and flagellin all stimulated 
an increase in mucus thickness similar to that 
observed with the acetylcholine analog carbachol 
(CCh). LPS and P3CSK4 treatment of intact co- 
lonic tissue verified that the effect was not re- 
lated to ex vivo muscle removal (fig. S1A). Ileal 
GCs are also responsive to CCh treatment (12), 
but we found them to be insensitive to LPS, 
P3CSK4, and flagellin (Fig. 1B). 

Mucus quantified in the tissue explant system 
is dependent on Muc? (i.e., completely absent in 
Muc2‘~ tissue); alterations in mucus thickness 
are primarily reflective of Muc2 secretion. How- 
ever, mucus thickness alterations may also be 
affected by volume expansion. Transepithelial po- 
tential difference recordings indicated transient 
ionic flux after treatment with LPS (Fig. 1C). A 
similar effect has been linked to cholinergic Muc2 
secretion (72). Imaging of colonic explants from 
an mCherry-human MUC2-expressing transgenic 


mouse (RedMUC2"!2) revealed secreted Muc2 
only in treated tissues (Fig. 1D). As mucus expands 
in volume, it becomes more penetrable to bacteria- 
sized beads. The thickness of mucus increased 
after LPS treatment, but no evidence of increased 
penetrability was observed (Fig. 1, E and F). Thus, 
bacterial TLR ligands induced Muc?2 secretion. 
Colonic GCs are likely routinely exposed to high 
concentrations of the TLR ligands that stimulate 
Muc2 secretion ex vivo. To examine the in vivo 
activity of TLR ligand-induced secretion, we mea- 
sured the sensitivity of the response (Fig. 1G). 
Similar response curves were produced for lipid 
A, P3CSK4, and flagellin, with half-maximal ef- 
fective concentration (ECs) values between 0.4 
and 0.85 uM. To assess this sensitivity in the 
appropriate biological context, we estimated the 
concentration of soluble lipid A in two colonic 
luminal compartments, the stool and mucus, by 
Limulus amebocyte lysate (LAL) assay (Fig. 1H). 
LAL reactivity of stool was higher than that of 
mucus by a factor of 360, indicating a steep gra- 
dient in lipid A concentration between the mucus 
and the stool. This reflected the factor of 210 
difference in bacterial 16S rRNA gene copy number 
between these compartments (Fig. 11. LAL reac- 
tivity to 0.85 uM (EC;o) lipid A was less than LAL 
reactivity to stool by a factor of 20 and was higher 
than LAL reactivity to mucus by a factor of 18 (Fig. 
1H). Estimated in vivo lipid A concentrations were 
plotted on the lipid A response curve and closely 
mirrored the response window (Fig. 1G). These 
results show that the TLR ligand-triggered Muc2 
secretion in the distal colon was inactive under 
normal conditions, as the mucus layer close to 
the colonic GCs did not harbor sufficient lipid A 
concentrations to trigger secretion. 


TLR ligands induce Muc2 secretion in 
specific GCs 


Intestinal GCs are more functionally heteroge- 
neous than previously expected (8, 9). We there- 
fore tested whether TLR ligands induced Muc2 
secretion from a specific population of GCs. 
RedMUC2°*""® colonic explants were treated 
with LPS, P3CSK4, flagellin, or CCh individually 
or in combination, and tissue sections were imaged 
(Fig. 2, A and B). Untreated tissue had large Muc2- 
filled GCs in the upper crypt and smaller GCs con- 
taining less Muc2 in the lower crypt. Upper-crypt 
GCs were emptied in tissues treated with TLR 
ligands. Conversely, CCh treatment resulted in 
secretion of Muc2 at the lower crypt without af- 
fecting the upper-crypt GCs. Combined treatment 
with LPS and CCh emptied both upper- and lower- 
crypt GCs. Mucus secretion was quantified from 
explants treated with LPS in combination with 
P3CSK4, flagellin, or CCh (Fig. 2C). Treatment with 
LPS combined with P3CSK4 or flagellin did not 
induce any additive secretory response, whereas 
combined LPS and CCh treatment did. Reversing 
the direction (apical versus serosal) of LPS and CCh 
treatment did not induce Muc2 secretion, indi- 
cating that responses were compartmentalized 
(Fig. 2D). Together, these observations indicated 
that LPS, P3CSK4, and flagellin all induced Muc2 
secretion from the same upper-crypt GCs and 
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that these cells were distinct from the GCs tar- 
geted by CCh. 

The intercrypt GCs are another apically ex- 
posed GC population (8). These cells do not store 
large amounts of mature glycosylated Muc2 and 
are frequently not observed by conventional mu- 
cin staining. However, they can be identified in 
RedMUC2°*"' tissues and are distinguishable 
from upper-crypt GCs (Fig. 2E). Comparison of 
untreated and LPS-treated tissue identified 
upper-crypt GCs secreting Muc2 in LPS-treated 
tissue but did not show any alterations to the in- 
tercrypt GCs. These results confirmed that only the 
upper-crypt colonic GCs were responsive to LPS. 


The Muc2 secretory signaling pathway 


Colonic GCs express TLRs that recognize LPS, 
P3CSK4, and flagellin (9) and also express the 
Nirp6 inflammasome, which has been suggested 
to regulate GC Muc?2 secretion (J0). To examine the 
role of these mediators in controlling TLR ligand- 
stimulated secretion, we quantified mucus secre- 
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tion in colonic explants from a range of knockout 
(KO) mice (Fig. 3A). 

P3CSK4, LPS, and flagellin are recognized by 
TLR2/1, TLR4, and TLRS, respectively, which activate 
signaling via proximal mediators such as MyD88 
and TRIF. Loss of their cognate receptors and 
MyD88, but not TRIF, prevented both LPS- and 
P3CSK4-induced secretion (Fig. 3A). Tir5 ~/ tissue 
was not examined; however, the response to flagellin 
was not lost in MyD88~"~ or Trif ~~ tissues, which 
indicates that neither TLR-MyD88 nor TLR-TRIF 
signaling was essential to flagellin-induced secre- 
tion. The response to all three TLR ligands was 
preserved in RagI~~ tissue, ruling out a role for 
mucosal lymphocytes in mediating Muc2 secretion 
(fig. SIB). CCh responses were unaltered in the 72", 
Tir4'-, MyD88"”, Trif~'~, and RagI"~ tissues. 

Examination of LPS-, P3CSK4-, and flagellin- 
induced mucus secretion in Nlrp-deficient tissues 
precluded the involvement of Nirp3 and Nirc4 but 
indicated that Nlrp6 signaling was essential for 
the response to all three TLR ligands (Fig. 3A). 
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Similarly, no response was observed in Caspase-I/II 
and Caspase-1I"/~ tissue. Caspase-1-mediated mat- 
uration of interleukin-18 (IL-18) and IL-18 is the 
conventional purpose of activated inflammasomes; 
the response to all three TLR ligands was unaltered 
in ILIa/B and ILI8~~ tissue, indicating that Nlrp6 
inflammasome signaling did not rely on IL-1B and 
IL-18. 

It has been suggested that Nirp6~/~ and 
Caspase-1/11~'~ colonic GCs lack normal Muc2 
secretion and an intact inner mucus layer (JO), 
which could account for an inability to secrete 
Muc2. However, all of the different inflamma- 
some KO tissues responded normally to CCh 
stimulation, and all strains had an intact inner 
mucus layer when housed in our facility (fig. $2). 

To dissect the cellular responses involved in 
TLR ligand-induced Muc2 secretion, we tested 
inhibitors targeting various cellular processes 
(Fig. 3B). Dynasore, which inhibits endocytosis, 
blocked the response to both LPS and P3CSK4 
but not the response to flagellin. Identical results 
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Fig. 1. Select TLR ligands induce Muc2 secretion in distal colon. |n (A) 
to (G), intestinal explants were treated with TLR ligands or CCh. (A and B) 
Quantification of mucus growth from distal colonic (A) or ileal (B) explants. 
Unt., untreated; Flag., treated with flagellin. (©) Potential difference (PD) 
measurement: solid lines, mean; dashed lines, SEM. (D) Confocal micro- 
graphs of RedMUC2%*" tissue. Gray, actin; red, mCherry-MUC2. (E) Confocal 
z-stacks of tissue and 1-um beads. Blue, tissue; red, beads; im, impenetrable 
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mucus. (F) Impenetrable mucus thickness. (G) Concentration-response 
curves. Red dashed line, lipid A ECs0; black dashed lines, estimated mucus 
and stool lipid A concentrations. (H) LAL reactivity of stool, mucus, and lipid 
A ECs (0.85 uM). (1) Quantification of 16S rRNA genes in stool and mucus by 
quantitative polymerase chain reaction. Data are means + SEM (n = 4 or 5); 
*P < 0.05, Dunnett test [(A), (B), (H)], Sidak test (F), or Mann-Whitney test 
(I). Scale bars, 50 um. 
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were obtained by using diphenyleneiodonium 
(DPD to inhibit nicotinamide adenine dinucleotide 
phosphate/dual oxidase (Nox/Duox) reactive oxy- 
gen species (ROS) synthesis. Peptide-mediated 
inhibition of caspase-1 and caspase-11 activation 
mimicked results from caspase KO tissue, confirming 
the necessity for inflammasome activation. Atro- 
pine, a pan-muscarinic acetylcholine receptor in- 
hibitor, blocked CCh-induced secretion but had 
no effect on tissue responses to TLR ligands. 
ROS synthesis by Nox/Duox can be activated 
downstream of TLR signaling and can act as 
an upstream stimulator of inflammasome activa- 
tion (/4, 15). DPI is a potent Nox/Duox inhibitor 
but can also inhibit mitochondrial ROS release. 
We clarified this element of the pathway using 
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N-acetylcysteine (NAC), a nonspecific ROS scav- 
enger, and Mito-TEMPO, a ROS scavenger that 
accumulates in mitochondria (Fig. 3C). NAC pre- 
vented LPS-stimulated Muc2 secretion, where- 
as Mito-TEMPO had no effect; thus, Nox/Duox was 
the likely source of LPS-induced ROS synthesis. 
We used the fluorogenic ROS probe DCFDA 
(2',7'-dichlorofluorescin diacetate) to quantify 
LPS-induced ROS production in isolated colonic 
epithelial cells (Fig. 3D). ROS production was 
observed when cells were treated with LPS, and 
was inhibited by Dynasore, a MyD88 inhibitory 
peptide, DPI, and NAC, but not by a caspase in- 
hibitory peptide. These results indicate that 
LPS-induced ROS synthesis is dependent on en- 
docytosis and MyD88 signaling but takes place up- 
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Fig. 2. TLR ligand-responsive GCs are localized to the upper crypt. Colonic explants were treated 
with TLR ligands or CCh. (A) Confocal micrographs of cryosections from RedMUC2?*""® tissue. Red, 
MUC2; blue, DNA. (B) Upper crypt (yellow boxes) or lower crypt (green boxes) magnified from (A); a 
dashed gray line shows the epithelial surface. (© and D) Quantification of mucus growth rates. 
(E) Upper-crypt GCs (yellow arrowheads) and intercrypt GCs (green arrowheads) in RedMUC2%**""® colon. 
Upper left: Confocal z-stack of tissue surface. Upper right: x/y-axis cross section. Lower left and 
right: x/z-axis cross sections. Blue, DNA; red, mCherry-MUC2; gray, actin. Data are means + SEM (n = 3 or 4); 
*P < 0.05, Tukey multiple-comparisons test; ns, not significant. Scale bars, 50 um (A), 20 um [(B) and (E)]. 
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stream of inflammasome activation. Intriguingly, 
flagellin treatment also induced ROS synthesis, which 
could be inhibited by both the endocytosis inhibitor 
Dynasore and the MyD88 inhibitory peptide (Fig. 
3D); this finding shows that flagellin could activate 
a pathway similar to that activated by LPS. 

Cotreatment of RedMUC2°""® tissue with 
caspase inhibitory peptide and fluorescent LPS 
allowed imaging of endocytotic GCs without trigger- 
ing Muc?2 secretion (Fig. 3E). Intracellular LPS was 
observed in only a small population of GCs. Thus, 
the endocytosis-dependent ROS synthesis observed 
in DCFDA-loaded cells was likely generated by these 
GCs, which supports the idea that a distinct popula- 
tion of GCs was responsive to the TLR ligands. 

Together, these results suggested that LPS, 
P3CSK4, and flagellin stimulate Muc2 secretion 
from responsive GCs via activation of the Nlrp6 
inflammasome. LPS- and P3CSK4-induced inflam- 
masome activation occurred downstream of endo- 
cytosis and TLR-MyD88-induced ROS synthesis. 
Although it was apparent that endocytosis of 
flagellin could also induce TLR-MyD88-dependent 
ROS synthesis, it was also evident that flagellin- 
induced Muc?2 secretion was not contingent on this 
element of the pathway, and we therefore focused 
our subsequent studies on the response to LPS and 
P3CSK4. 


TLR ligands are endocytosed by senGCs 


To identify LPS- and P3CSK4-sensitive GCs in 
intact colonic tissue, we treated RedMUC2°°"!8 
colonic explants with fluorescent LPS or P83CSK4: 
and imaged the tissue by confocal microscopy 
(Fig. 4, A to D). GCs that had taken up LPS or 
P3CSK4 were found exclusively in the apical regions 
of the crypt. Intriguingly, there appeared to be 
very few of these cells, with less than one cell per 
crypt (Fig. 4E). These cells were not observed in 
tissues pretreated with Dynasore, confirming the 
requirement for endocytosis. Inhibition of inflam- 
masome activation significantly increased the num- 
ber of endocytotic cells detected, as did loss of TLR 
or MyD88 signaling (Fig. 4, B and E). This result 
suggested that LPS- and P3CSK4-triggered TLR 
signaling and inflammasome activation resulted 
in loss of detectable endocytotic cells. 

We investigated this possibility by treating ex- 
plants with nonimmunogenic dextran. Dextran 
was also taken up by a small number of GCs, but 
without inducing the same loss of endocytotic 
cells seen with LPS and P3CSK4 treatment (Fig. 4, 
C and E). GCs that endocytosed dextran were iden- 
tified as the same cells that endocytosed P3CSK4: 
(Fig. 4D), and examination of sections obtained 
from dextran-treated tissue demonstrated that 
endocytosis was entirely restricted to GCs in the 
upper-crypt region (fig. S3A). To ensure that GC 
endocytosis observed ex vivo reflected processes 
occurring in vivo, we administered dextran intra- 
rectally to live ReAMUC2°°"'S mice. Uptake of 
dextran was again observed in a limited number 
of upper-crypt GCs, confirming ex vivo observa- 
tions (fig. S3B). 

Thus, luminal material was nonspecifically 
endocytosed by a small subpopulation of upper- 
crypt GCs. These cells were lost after TLR-MyD88 


24 JUNE 2016 + VOL 352 ISSUE 6293 1537 


Downloaded from http://science.sciencemag.org/ on June 28, 2016 


RESEARCH | RESEARCH ARTICLES 


A 12 
an e Untreated 
= 10 ete ee ° e e? e LPS 
g ase Le ool 7 ° = © P3CSK4 
5 8 F . a 5 no P¥e ° ery|-] e Flagellin 
. : ) peal Hi " 7. rh © CCh 
8 
a 4 * * 
3 e *o kk ‘ 
ia e 
ali AULT PIU u 4 
; alia afl a 
ms WT TLR2” TLR4” MyD88” TRIF* NLRP3”- 
= 10 
E e , e 
& 8 ' at e e a e .° 
=| Oe] oe R 
= 6 if 
° "> 
a KK 
m4 e kK KKK 
e 
3 e ‘* ee. * e 3° 
= TALI FRA ARPA AftaE 
NLRC4* NLRP6’ = Casp. 1/11” ~— Casp. 11° ILAq/p™ Lig’ 
B12 
= 10 e Untreated 
E - es Oe e LPS 
E 8 Oh J = e © P3CSK4 
= Lt ch ° | ae ; 
£ by i e  Flagellin 
= 6 | e CCh 
a * 
ar ** ** EX ls 
3 e Pe ee e e 
fe) 2 ee i 
TANI CIEL) AAU ITAL eI 
No inhibitor Dynasore DPI Caspase IP Atropine 
@= Untreated 
C 42n @ Untreated eLpPS ecch D _5 mm LPS 


mm Flagellin 
10 e 


Mucus growth (ym/min) 
Ls) > ao co 
|e 
ee. 
|_ et e 
[oy x 
si! 
ae 
[aa 
Sees 


No inhibitor NAC Mito-TEMPO 


Fig. 3. TLR ligand—driven Muc2 secretion requires endocytosis, signaling, and ROS synthesis 
upstream of inflammasome activation. Colonic explants [(A) to (C)] or cell suspensions [(D) and 
(E)] were treated with TLR ligands or CCh. (A) Quantification of mucus growth in wild-type (WT) or KO 
explants. (B) Quantification of mucus growth in explants pretreated with inhibitors; IP, inhibitory peptide. 
(C) Quantification of mucus growth in explants pretreated with ROS scavengers. (D) DCFDA fluorescence 
in epithelial cells pretreated with inhibitors. (E) Confocal micrographs of ReAMUC2°*""® epithelial cells with 
caspase inhibitory peptide. Purple arrowheads, nonendocytotic GCs; yellow arrowheads, endocytotic GCs; 
red, mCherry-MUC2; blue, DNA; gray, actin. Data are means + SEM (n = 4 or 5); *P < 0.05, Dunnett 
multiple-comparisons test of WT versus KO (A) or no inhibitor versus inhibitor [(B) to (D)]. Scale bars, 50 um. 
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signaling and activation of the inflammasome. 
Crucially, only one or two such cells were typically 
detected per crypt. Because this represents only a 
fraction of the GCs secreted in response to TLR 
ligands, this finding suggested that activation of 
endocytotic GCs must control secretion from other 
responsive, but not endocytotic, upper-crypt GCs. 
The sampling and recognition of nonendogenous 
material is vital to the surveillance function of 
many types of host sentinel cell. Because this 
process was apparent in the endocytotic GCs, 
this cell was named sentinel GC (senGC) to dis- 
tinguish it from other upper-crypt GCs. 


Activated senGCs control 
Muc2 secretion 


We examined the fate of senGCs lost after treat- 
ment and identified shed cells containing LPS or 
P3CSK4 and residual Muc2, which suggests that 
these were expelled senGCs (Fig. 5A). These were 
not present in tissue treated with dextran, in- 
dicating that expulsion was dependent on TLR 
engagement. Expelled cells were associated with 
diffuse extracellular Muc2 that was continuous 
with the remaining intracellular material (Fig. 
5B). This implied that senGCs had undergone 
compound exocytosis (16) as well as expulsion. 
Intrarectal administration of P3CSK4 to live wild- 
type and RedMUC2°*""® mice demonstrated that 
epithelial expulsion of GCs that had endocytosed 
P3CSK4 could also be observed in vivo (fig. $4, A 
and B). Intrarectal treatment of Nirp6’~ mice 
identified cells that had endocytosed P3CSK4: but 
did not induce epithelial expulsion (fig. S4C). This 
confirmed that epithelial expulsion of senGCs was 
driven by Nirp6 inflammasome activation. 

Inflammasome activity was assessed using 
a fluorogenic peptide probe targeting active 
caspase-1 and caspase-11 (Casp1/11 FP). Tissue was 
loaded with Casp1/11 FP and then treated with 
LPS (Fig. 5C). Inflammasome activity was exclu- 
sively localized to cells that had been expelled 
from the upper crypt. Imaging of ReAMUC2°*"78 
tissue demonstrated that these cells were senGCs. 
Expelled senGCs were associated with long plumes 
of secreted Muc2, which confirmed that LPS 
treatment had triggered compound exocytosis of 
Muc2. No inflammasome activity or cellular 
expulsion was observed after LPS treatment of 
Caspase-I/1I-'~ or Nirp6~!~ tissue, but both were 
detected in treated Nirp3/ ~ tissue. This demon- 
strated that activity observed in these cells was 
specifically dependent on a functional Nlrp6 
inflammasome. 

senGC-mediated secretion was studied by live 
imaging of RedMUC2°°""® colonic explants. 
This revealed loss of Muc2 from upper-crypt 
GCs in LPS- or P3CSK4-treated tissues but not in 
vehicle-treated tissues (movies S1 and S2). Rapid 
Muc2 degranulation and epithelial expulsion 
were observed in a limited number of GCs per 
crypt (Fig. 5D and movies S3 and S4). Expul- 
sion was used to designate the senGC, and the 
remaining upper-crypt GCs could be classified 
as “responsive” or “nonresponsive” according to 
whether they secreted Muc2 (Fig. 5D). Muc2 
fluorescence was subsequently quantified from 
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different classes of GC and tracked over time 
(Fig. 5, E and F, and movies S5 and S6). Strik- 
ingly, this revealed that LPS- and P3CSK4-induced 
Muc2 secretion was sequential in nature. De- 
granulation occurred initially in senGCs and then 
in responsive GCs. Responsive GC secretion oc- 
curred in sequence, starting with cells closest to 
the senGC and progressing around the crypt 
(Fig. 5F). This indicates that activated senGCs 
triggered an intercellular signal that induced 
Muc?2 secretion in adjacent responsive GCs. 


Intercellular senGC signaling 


Localized intercellular signals can use paracrine 
or juxtacrine mechanisms. The mammalian in- 
testine is highly innervated, and paracrine signals 
can be generated by the enteric nervous system 
(ENS). Juxtacrine signals can be transmitted di- 
rectly via intercellular cytoplasmic bridges formed 
by gap junction (GJ) connexons. We measured 
mucus secretion in colonic explants treated with 
inhibitors targeting each process. Tetrodotoxin 
(TTx) blocks ENS signaling, and carbenoxolone 
(CBX) can reduce GJ conductivity. Neither in- 
hibitor affected CCh-induced secretion; however, 
although TLR ligand-induced secretion was 
unaffected by TTx, the response was blocked by 
CBX (Fig. 5G). To verify GJ decoupling, we used a 
FRAP (fluorescence recovery after photobleach- 
ing) assay to measure GJ conductivity. Vehicle- or 
CBX-treated explants were loaded with a GJ- 
permeable dye, and areas of epithelium were 
photobleached (fig. S5, A and B). Fluorescent 
recovery was significantly reduced in CBX rel- 
ative to vehicle-treated explants, indicating that 
GJ conductivity had been inhibited and supporting 
arole for GJ signaling in controlling responsive GCs. 

A recognized form of GJ signaling is mediated 
by calcium. Increased cytosolic Ca?* is derived 
from extracellular influx or release from endoplas- 
mic reticulum stores via inositol 1,4,5-trisphosphate 
receptor (IP3R) or ryanodine receptor (RyR) chan- 
nels. To investigate the role of Ca?* signaling in 
TLR ligand-induced secretion, we pretreated ex- 
plants with inhibitors before treatment with LPS 
or CCh (Fig. 5H). The cell-permeable Ca?* che- 
lator BAPTA-AM blocked secretion induced by 
either molecule, demonstrating the requirement 
for Ca?* release in both types of secretion. The 
cell-impermeable Ca?* chelator EGTA inhibited 
only the response to LPS. Intracellular Ca?*-store 
release was targeted by the RyR inhibitor ryan- 
odine and the IP;R inhibitor xestospongin C 
(XeC). Inverse results were obtained for LPS and 
CCh, with LPS dependent on IP,R-mediated Ca?* 
release and CCh dependent on RyR-mediated 
Ca”* release. The requirement for Ca?* influx and 
intracellular store release indicated that Ca?*-induced 
Ca?" release was active in LPS-induced secretion. 
To probe the sequence of Ca?* signaling events, 
we used the Ca”* ionophore ionomycin (fig. S5C). 
Ionomycin transports Ca* across membranes 
mimicking the Ca?* influx required for LPS-induced 
secretion. Ionomycin induced Muc2 secretion and 
was insensitive to inhibition of ROS synthesis and 
inflammasome activation, but was inhibited by 
EGTA and XeC. These findings suggest that Ca?* 
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influx has a role upstream of Ca’* store release 
and that direct induction of Ca?* signaling 
negates the requirement for inflammasome 
activation. 
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We used the fluorogenic Ca?* indicator Fluo4: to 
detect Ca?* signaling in LPS-treated RedMUC2*"78 
colonic explants (Fig. 5, I and J). Fluo4-positive 
GCs were observed after LPS treatment but not 
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Fig. 4. TLR ligands are endocytosed by sentinel GCs (senGCs). In (A) to (D), colonic explants were 
treated as indicated, whole-mounted, and visualized by confocal microscopy; in (A) to (C), x/y-axis cross 
sections are at top; x/z-axis cross sections are in yellow boxes; blue, DNA; gray, actin. (A) RedMUC2°2""e 
tissue; regions of x/z-axis cross sections magnified at bottom are indicated by white boxes. Green, 
LPS/P3CSK4; red, mCherry-MUC2. (B) WT with or without caspase inhibitory peptide, Tir2-’~, and 
MyD88~’~ tissue. Green, P3CSK4. (C) RedMUC2?*""® tissue. Yellow arrowheads, endocytotic GCs; white 
arrowheads, nonendocytotic GCs; red, mCherry-MUC2; green, dextran. (D) WT colon cotreated with 
P3CSK4 and dextran. Yellow arrowheads, endocytotic GCs. (E) Quantification of endocytotic cells. Data 
are means + SEM (n = 3 or 4); *P < 0.05, Tukey multiple-comparisons test. Scale bars, 20 um. 
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Fig. 5. Activated senGCs are expelled from the epithelium and trigger 
gap junction— and Ca**-dependent Muc2 secretion from responsive upper- 
crypt GCs. Colonic explants were treated with TLR ligands or CCh. (A and B) 
RedMUC2**""® tissue whole mounts visualized by confocal microscopy. Blue, 
DNA; gray, actin; red, mCherry-MUC2; green, LPS, P3CSK4, or dextran. (A) x/z- 
axis cross sections showing expelled senGCs (yellow arrowheads). (B) Expelled 
senGC overview (left) and isosurface enhanced view (right, yellow box). (C) 
Localization of inflammasome activity after LPS treatment of WT, KO, and 
RedMUC2°*""® tissue. Green, caspase-1/caspase-1l fluorogenic probe (Casp1/11 
FP); blue, DNA; yellow arrowheads, senGCs. (D to F) RedMUC2%"® tissue 
imaged by confocal microscopy. (D) x/y-axis view (top) and x/z-axis view 
(bottom) of a crypt at different time points after LPS treatment. Green arrow- 
heads and green dashed lines, senGC; yellow arrowheads, responsive GC; blue 
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arrowheads, nonresponsive GC. (E) Quantification of mCherry-MUC2 fluores- 
cence of individual GCs from crypt in (D). (F) Fluorescent isosurfaces used to 
generate data in (E); responsive GC numbering corresponds to numbered plots 
in (E). Red arrow shows sequence of responsive cell secretion. White, DNA; 
green, senGC; orange, responsive GCs; blue, nonresponsive GCs. (G and H) 
Quantification of mucus growth with or without CBX, TTx, or Ca** signaling 
inhibitors. (I and J) Red MUC2°*""® tissue loaded with fluorogenic Ca** indicator 
(Fluo4) and imaged by confocal microscopy. Green, Fluo4; red, mCherry-MUC2. 
(|) x/y-axis view of tissue before and after treatment. (J) x/y-axis view of a crypt 
at different time points after LPS treatment. White arrow shows sequence of GC 
secretion. White dashed line, crypt opening; green arrowheads, senGC; yellow 
arrowheads, responsive GCs. Data are means + SEM (n = 4 or 5); *P < 0.05, 
Dunnett multiple-comparisons test. Scale bars, 20 um. 


sciencemag.org SCIENCE 


Downloaded from http://science.sciencemag.org/ on June 28, 2016 


RESEARCH | RESEARCH ARTICLES 


vehicle treatment, indicating that LPS-induced 
Ca?* signaling could be visualized ex vivo. senGCs 
appeared to have higher Fluo4 signal than the 
responsive GCs where the signal was relatively 
weak (Fig. 5J and movie $7). Sequential increases 
in cytoplasmic Ca”* starting at the senGC appeared 
to follow the same pattern as observed for Muc2 
secretion. 


SenGCs flush bacteria away from 
crypt openings 


Induced Muc2 secretion may remove bacteria 
from the crypt opening, and we tested this in our 
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ex vivo tissue system. The inner mucus layer 
normally separates bacteria from the colonic 
tissue surface; therefore, this was first mechan- 
ically removed. Fluorescent bacteria were then 
applied to the tissue surface. Muc2 secretion was 
triggered by treatment with LPS, and images of 
tissue and bacteria were acquired and bacterial 
spatial distribution quantified (Fig. 6, A and B). 
Initially bacteria were identified at the tissue 
surface and close to the crypt openings. Treat- 
ment with LPS, but not vehicle, caused bacteria 
to be displaced from the crypt openings. Most 
bacteria remaining at the tissue surface after LPS 
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Fig. 6. senGC activation removes bacteria from crypt openings ex vivo and is triggered by disrup- 
tion of the inner colonic mucus layer in vivo. (A) Fluorescent bacteria (red) applied to colonic explant 
tissue (green) and imaged before (top) and after (bottom) LPS or vehicle treatment. Left, x/z-axis view; 
right, x/y-axis view. Yellow arrowheads and dashed circles denote crypt openings. (B) Distribution of 
bacteria in relation to crypt openings as in (A). Data are representative of four independent experiments. 
In (C) to (F), mice were given 3% DSS in drinking water; samples were collected after O (no DSS), 12, 36, 
and 84 hours. (C) Confocal z-stacks of colonic explants and 1-um beads. Blue, tissue; red, beads; im, 
impenetrable mucus. (D) Quantification of cells with inflammasome activity (Casp1/11 FP*) detected in 
live tissue. (E) Casp1/11 FP* cells (pink arrows) with GC morphology in the upper crypt (left) and shed 
from tissue (right). Top, x/y-axis view; bottom, x/z-axis view. (F) Colonic explants were treated with 
fluorescent dextran, fixed, whole-mounted, and visualized by confocal microscopy. Top, x/y-axis view; 
bottom, x/z-axis view. Blue, DNA; green, dextran; gray, actin. Data are means + SEM (n = 4); *P < 0.05, 
Dunn multiple-comparisons test. Scale bars, 20 um. 


SCIENCE sciencemag.org 


treatment were in the intercrypt regions, thus 
supporting the notion that this mechanism 
functions to specifically protect the crypts in vivo. 

Oral administration of dextran sodium sul- 
fate (DSS) allows colonic bacteria to penetrate 
the inner mucus layer and contact the epithe- 
lium prior to the onset of inflammation (17). We 
hypothesized that if senGCs protect the crypt 
from bacteria, DSS treatment should trigger 
senGC activation in vivo. Short-term DSS treatment 
(84 hours) did not cause weight alterations (fig. 
S6A). However, the inner mucus layer became 
partially penetrable to bacteria-sized beads after 
12 hours of DSS treatment and was largely dis- 
rupted after 84 hours (Fig. 6C). The Casp1/11 FP 
probe was used to quantify epithelial inflamma- 
some activation (Fig. 6D and fig. S6B). This was 
detected in multiple cells after 12 hours of DSS 
treatment, but the number of these cells then 
declined. Inflammasome activity was visualized 
in both upper-crypt and shed cells with GC-like 
morphology (Fig. 6E), indicating that DSS had 
resulted in activation and epithelial expulsion of 
senGCs. That DSS treatment caused depletion of 
senGCs was confirmed by the loss of dextran 
endocytosis by upper-crypt cells after 36 hours 
(Fig. 6F). Endocytotic cells were clearly identified 
in untreated tissue but largely absent in tissue 
exposed to DSS, indicating that the senGCs had 
been activated and depleted. 

Normally, colonocytes are separated from the 
microbiota by the inner mucus layer, and dis- 
ruption of this process allows bacteria to ap- 
proach the crypts (1, 18-20) (fig. S7, A and B). 
Influx of bacteria increases the concentration of 
TLR ligands near the crypt and activates senGCs 
(fig. S7C). Our findings suggest that this sequence 
is initiated by TLR-MyD88 signaling downstream 
of endocytosis, preceding Nox/Duox ROS synthesis 
and Nirp6 inflammasome activation. This causes 
Ca?" signaling that drives compound secretion of 
Muc2, generation of GJ-dependent intercellular 
signaling, Muc2 secretion from responsive GCs, 
and the expulsion of the activated senGC. These 
events clear bacteria from the crypt opening (fig. 
S7D), thereby protecting the lower crypt and 
intestinal stem cells from bacterial intrusion. 
Mouse strains unable to trigger senGC activation 
had a functional inner mucus layer, which sug- 
gests that senGCs are less important for normal 
mucus layer generation. 

The pathway activating senGCs is supported 
by other observations. Colonic GCs express the 
expected TLR repertoire and can take up luminal 
material (9, 21, 22). MyD88 signaling can induce 
Nox/Duox ROS synthesis (23) that has been 
coupled to inflammasome activation (14, 15) and 
was recently linked to GC endocytosis and au- 
tophagy (24). The senGC Nlrp6 inflammasome 
activation resulted in expulsion of these cells; 
this mechanism could be important for clearing 
infected cells (25, 26) and blocking the crypt. 

Administration of DSS to mice is a commonly 
used colitis model. DSS disrupts the inner mucus 
layer, allowing bacteria to access the epithelial 
surface before the onset of inflammation (17). 
Increased sensitivity to DSS treatment in animals 
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lacking senGC activation mediators may be re- 
lated to loss of senGC protection (4, 5, 27). DSS 
triggered inflammasome activity localized to upper- 
crypt cells and led to depletion of senGCs (Fig. 6, C 
to F). Ex vivo experiments confirmed that senGC- 
mediated mucus secretion displaced bacteria from 
crypt openings (Fig. 6, A and B), and senGC ac- 
tivation after inner mucus layer disruption likely 
generates a similar response. Depletion of senGCs 
by repeated challenge would leave the crypt with- 
out defense—an event that may be important in 
understanding the development of chronic colitis. 
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STRUCTURAL BIOLOGY 


Atomic structure of Hsp90-Cdc37-Cdk4 
reveals that Hsp90 traps and stabilizes 


an unfolded kinase 


Kliment A. Verba,’ Ray Yu-Ruei Wang,’ Akihiko Arakawa,” Yanxin Liu," 
Mikako Shirouzu,” Shigeyuki Yokoyama,” David A. Agard'* 


The Hsp90 molecular chaperone and its Cdc37 cochaperone help stabilize and activate more 
than half of the human kinome. However, both the mechanism by which these chaperones 
assist their “client” kinases and the reason why some kinases are addicted to Hsp90 

while closely related family members are independent are unknown. Our structural 
understanding of these interactions is lacking, as no full-length structures of human Hsp90, 
Cdc37, or either of these proteins with a kinase have been elucidated. Here we report a 

3.9 angstrom cryo-electron microscopy structure of the Hsp90-Cdc37-Cdk4 kinase 
complex. Surprisingly, the two lobes of Cdk4 are completely separated with the B4-B5 sheet 
unfolded. Cdc37 mimics part of the kinase N lobe, stabilizing an open kinase conformation 
by wedging itself between the two lobes. Finally, Hsp90 clamps around the unfolded kinase 
65 strand and interacts with exposed N- and C-lobe interfaces, protecting the kinase ina 
trapped unfolded state. On the basis of this structure and an extensive amount of 
previously collected data, we propose unifying conceptual and mechanistic models of 


chaperone-kinase interactions. 


he human kinome is responsible for regu- 

lating about one-third of all proteins through 

phosphorylation (7). Proper regulation of 

this process is important, as misregulated 

kinase activity can lead to cell death and 
disease (2). To achieve fine regulation, kinase ac- 
tivity can be sensitively modulated by multiple 
allosteric inputs. Thus, kinase domains are or- 
ganized so that dispersed small structural changes 
caused by binding of regulatory domains and 
proteins or phosphorylation can substantially al- 
ter kinase activity. Examples of such regulatory 
interactions abound, with SH2 and SH3 domains 
for Src family kinases, dimerization for epider- 
mal growth factor receptor (EGFR) or Raf family 
kinases, and cyclin regulation for Cdks being well- 
characterized examples (3). 

Beyond these specific regulators, the Hsp90 mo- 
lecular chaperone, a member of the general cellular 
protein-folding machinery, also plays a fundamen- 
tal role in the regulation of many kinases (4). 
Though chaperones usually facilitate the early 
steps of protein folding, Hsp90 also functions 
late in the process to help both fold and activate 
a set of protein “clients” (~10% of the proteome) 
(5). Notably, ~60% of the human kinome inter- 
acts with Hsp90, with the assistance of its kinase- 
specific cochaperone, Cdc37 (6). Pharmocologic 
inhibition of Hsp90 leads to rapid ubiquitinyla- 
tion and degradation of client kinases. Because 
many Hsp90- and Cdc37-dependent kinases are 
key oncoproteins, (vSrc, bRafV600E, Her2, etc.), 
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several Hsp90 inhibitors are undergoing clinical 
trials as cancer therapeutics (7). 

Hsp90 is a well-conserved but highly dynamic 
molecular machine. Each monomer within the 
Hsp90 dimer has three structural domains: a 
C-terminal domain (CTD) responsible for dimer- 
ization, a middle domain (MD) implicated in 
client binding, and an N-terminal domain (NTD) 
that binds adenosine triphosphate (ATP). With- 
out bound nucleotide, Hsp90 mostly populates a 
variety of open states, whereas nucleotide bind- 
ing promotes the formation of a closed state in 
which the NTDs also dimerize, followed by hy- 
drolysis (8, 9). The rates of closure and hydrolysis 
are homolog-specific, with human cytosolic Hsp90s 
almost always open, whereas yeast Hsp90 pref- 
erentially adopts a fully closed state (10). Toward 
the end of the NTD is a highly charged region 
(i.e., a charged linker) that shows wide varia- 
tion in length and composition between spe- 
cies. The function and structure of this charged 
linker are unclear, but deletion can affect Hsp90 
function (7D). 

Cdc37 is less well studied. The monomeric pro- 
tein can also be divided into three domains: an 
NTD of unknown structure that interacts with 
kinases, a globular MD that interacts with Hsp90, 
and an extended CTD of unknown function (22). 
Although there is a cocrystal structure of the 
Cdc37 MD and CTD (Cdc37 M/C) bound to the 
Hsp90 NTD (/3), there is evidence that Cdc37 
may also interact with the MD of Hsp90 (/4). 
Phosphorylation of Cdc37 Ser™ plays an im- 
portant role, providing stabilizing interactions 
in vitro (75) and being functionally necessary 
in vivo (16). 

Although a wealth of in vivo data has been 
collected, a physical understanding of how Hsp90 
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and Cdc37 facilitate kinase function is lacking. 
Equally unclear is why some kinases are strongly 
dependent on Hsp90, whereas closely related 


kinases function independently. Despite numer- 
ous attempts to identify a consistent motif respon- 
sible for Hsp90 interaction, the only general trend 


that has emerged is that client kinases appear to 
be less thermally stable than nonclients (6). Sup- 
porting this notion, the binding of kinase inhib- 


itors or allosteric regulators reduces Hsp90 
interactions (17, 18). Though it is reasonable that 
less-stable kinases might depend on Hsp90, it 
remains unclear why this happens or what Hsp90 
recognizes. Despite its obvious value, the crystal 
structure of an Hsp90-Cdc37-kinase complex has 
remained elusive, probably due to the dynamic 
nature of Hsp90-client interactions and chal- 
lenges in reconstituting the complex. Encouraged 
by previous negative-stain electron microscopy 
(EM) studies (19) and the recent advances in cryo- 
EM detectors and processing methodologies that 
together make it feasible to analyze such a small, 
asymmetric complex (20), we undertook cryo-EM 
studies of the human 240-kDa Hsp90-Cdc37-Cdk4: 
kinase complex. 


Complex formation and cryo-EM 
structural analysis 


Human homologs of all three proteins were co- 
expressed in Sf9 insect cells. A stable ternary com- 
plex that survived rigorous dual-tag purification 
formed in the presence of molybdate (fig. $1). 
Although the mode of molybdate action is un- 
known, it affects Hsp90’s hydrolysis rate and 
helps stabilize Hsp90-client interactions (21). 
Simply mixing components individually puri- 
fied from insect cells did not yield any detectable 
complex; therefore, either posttranslational mod- 
ifications specific to the complex or other compo- 
nents (like Hsp40 or Hsp70) are required. Despite 
considerable effort to optimize conditions and 
image processing, preferential particle orienta- 
tion and conformational heterogeneity limited 
initial reconstructions from data collected in 
house to about 6 to 8 A resolution. To move for- 
ward, a much larger data set was collected at 
the National Resource for Automated Molecular 
Microscopy (NRAMM) (22). Data quality was 


Fig. 1. The 4 A map of Hsp90-Cde37-Cdk4. (A) Density map colored by resolution. (B) hHsp90B model 
built into the density map, with different monomers depicted in shades of orange. Insets show high- 
resolution features. Arrows indicate density unaccounted for by Hsp90. 


A , B 


Fig. 2. Cdk4 is unfolded when in a complex with Hsp90 and Cdc37. (A) Cdk4 C lobe (blue) fit into the map. 
(B) Tubular density from a high-resolution map through the lumen of Hsp90 is fit perfectly by an unfolded B5 sheet 
(shown in stick representation) of Cdk4. Previously disordered client-interacting loops on Hsp90 are depicted in ma- 
genta. (C) Cdk4-Hsp90 interface (36). Spheres represent hydrophobic residues; sticks denote salt bridges. K4, Cdk4. 


SCIENCE sciencemag.org 24 JUNE 2016 « VOL 352 ISSUE 6293 1543 


Downloaded from http://science.sciencemag.org/ on June 28, 2016 


RESEARCH | RESEARCH ARTICLES 


Fig. 3. Rounds of focused 3D classification yield distinct densities for Cdc37 and the Cdk4 N lobe. (A) One of the new classes has clear density for the 
Cdc37 M/C fragment crystal structure. Our complete Cdc37 model (residues 1 to 260) is shown in teal. Note the B strand wrapping around the outside of 
Hsp90, connecting the two major Cdc37 domains. (B) Two additional classes show previously unobserved density for the missing Cdk4 N lobe. These classes, 
minus the Hsp90-Cdc37 density highlight the two previously unseen Cdk4 N-lobe conformations (shown in blue and maroon, respectively). Fitted kinase 


models are illustrated as ribbons. 


, CDK4 N- 


lobe 


CDC37 N 
domain 


HSP90 


HSP90 
MD 


HSP90 


NTD 


CTD 


Fig. 4. Hsp90, Cdc37, and Cdk4 are intricately interwoven in the complex. Two views of the complete 
model, depicted in ribbon representation in (A) and surface representation in (B). 


verified, as two-dimensional (2D) classification 
of ~800,000 initially chosen particles yielded 
classes with visible high-resolution features (fig. 
$2). Three-dimensional classification and refine- 
ment resulted in a 4 A map (figs. S3 and $4 and 
table S1), with most of the Hsp90 structure being 
better resolved (3.5 A), whereas the lowest- 
resolution regions were ~6 A (Fig. 1A). 
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Hsp90 is in a closed conformation 

in the complex 

Refining the 4 A map with a tighter mask around 
Hsp90 resulted in a higher-resolution, 3.9 A den- 
sity for Hsp90 and neighboring regions (Fig. 1B, 
insets) (22). This map was of sufficient quality 
to accurately build and refine an atomic model 
of human Hsp908 based on a homology model 


derived from yeast Hsp90 (Fig. 1B and fig. S5). 
Surprisingly, reconstructions of the complex pre- 
pared with Hsp90 with a deleted charged linker 
never yielded good results, probably due to in- 
creased heterogeneity. Hsp90 adopts a symmet- 
rical [root mean square deviation (RMSD) between 
monomers = 0.82 A] closed conformation, which 
closely resembles the yHsp90 closed state (23). 
This result was unexpected, as without a cross- 
linker, closed hHsp90 had not been previously 
observed. Although the molybdate added during 
purification may contribute, the closed state is 
probably a consequence of the ternary complex. 
In our map, which was refined without sym- 
metry, the strongest density is symmetric at the 
y-phosphate location for nucleotide binding sites at 
both NTDs of Hsp90 (fig. S6). This suggests that 
either the complex traps Hsp90 in an ATP state or, 
more likely, ADP- molybdate acts as a posthydrolysis 
transition state inhibitor, thereby helping to stabi- 
lize the closed conformation. The hHsp90 model 
determined here is similar to the yeast Hsp90 
structure (RMSD = 1.59 A), with a small rotation 
in the CTD and correlated movements through- 
out (movie S1). Additionally, a number of loops 
disordered in the crystal structure were ordered 
in our model, as they were interacting with the 
kinase (Fig. 2B). The charged linker is visible in 
2D classes but is absent from the 3D reconstruc- 
tion, suggesting a highly flexible structure (fig. $2). 


The N lobe of Cdk4 is substantially 
unfolded and threads through Hsp90 


Two regions of the 4.A map cannot be accounted 
for by Hsp90: a long coiled-coil like protrusion 
and a globular density on one side of Hsp90 (ar- 
rows in Fig. 1B). Although we initially suspected 
that these regions correspond to the Cdc37 M/C 
(globular domain with long helix), the globular 
domain fit became worse as our map improved. 
To obtain an unbiased fit, we performed an ex- 
haustive search against all protein folds in the 
CATH database [~16,000 Protein Data Bank iden- 
tifiers (PDB IDs)] (22). Disregarding algorithmic 
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errors, the top-scoring hits were all variations on 
the kinase C lobe, with Cdc37 M/C scoring con- 
siderably worse (fig. S7). Based on these findings, 
the Cdk4 C lobe was placed into the density 
(24), resulting in a high-quality fit (Fig. 2A). By 
contrast, not only does no suitable density exist 
for the folded kinase N lobe, but it would also 
sterically clash with Hsp90. Notably, however, 
tracing the kinase density from the C lobe to- 
ward the N terminus, there was a clear tubular 
region going through the lumen of Hsp90 (Fig. 
2, A and B). Thus, a drastically altered confor- 
mation of the kinase N lobe is being stabilized 
by Hsp90 (movie S82). Threading the Cdk4 se- 
quence into this density reveals that the B4 and 
65 strands have been ripped apart, and instead 
65 interacts with a previously mapped general 
Hsp90 client binding site via extensive hydro- 
phobic interactions (25) and two salt bridges 
(Fig. 2C). Potentially due to these interactions, 
the Hsp90 CTD rotates toward the kinase (as 
compared to the yHsp90 structure) at the MD- 
CTD interface, which was identified as asymmetric 
in previous work (26) (movie S1). Altogether, this 
suggests that the MD-CTD interface may be used 
to communicate Hsp90’s hydrolysis state to the 
client. Unfortunately, in the highest-resolution 
map, no density was visible for kinase residues at 
the N-terminal end of the B5 strand. 


Cdc37 is split into two domains and 
wraps around Hsp90 


Although there is no available 3D structural in- 
formation for the Cdc37 NTD, sequence analysis 
(MARCOIL) predicts a significant coiled-coil 
structure. Supported by our observations of 
high helical content, as determined by circular 
dichroism and nuclear magnetic resonance 
(fig. S8), a coiled-coil provides a good candidate 
for the nonglobular map density (Fig. 1B). That 
density transitions from helical to strandlike, 
wrapping around the Hsp90 MD and adding 
an additional f strand to the 1AC B sheet (PDB ID 
2CG9). Unfortunately, as with the kinase, this B 
strand does not connect to any density on the 
other side, thwarting a complete fit of Cdc37. 
Demonstrating the power of single-particle cryo- 
EM, local rounds of 3D classification yielded a 
7 A map (figs. S3 and S9) showing clear globular 
density that is connected through the f strand to 
the coiled-coil region (Fig. 3A). This previously 
unobserved density was unambiguously fit by 
the crystallized Cdc37 M/C fragment. Using a 
combination of the two maps, we were able to fit 
Cdc37 M/C residues 148 to 260 and de novo build 
residues 1 to 147 of human Cdc37 (Fig. 3A) (22). 
Although further classification revealed some 
density beyond residue 260, it was too weak to 
model with confidence. 


Locating the remainder of the kinase N 
lobe and verification 

The local 3D classification also revealed the re- 
mainder of the kinase N lobe (Fig. 3B and movie 
$3). In two of the classes, distinct globular den- 
sities were visible that connected to the tubular 
density derived from the unfolded Cdk4 N lobe. 
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At the same time, the density for the MD of 
Cdc37 was either very weak or absent, suggesting 
an anticorrelation between Cdc37 M/C-Hsp90 
interactions and kinase N-lobe-Hsp90 interac- 
tions. We were able to roughly fit the rest of the 
Cdk4: N lobe into these densities, allowing us to 
build a complete model of the Hsp90-Cdc37-Cdk4: 
complex (Fig. 4 and movie S4). Given the unusual 


A 


split domain conformation for both the kinase 
and the cochaperone, it was important to verify 
our structural assignments. Toward that end, we 
used T4 lysozyme to covalently tag Cdc37 at its N 
terminus and Cdk4: at its C terminus. The two 
different complexes were expressed and purified 
from yeast, followed by cryo-EM reconstruction 
of each. These two structures clearly show lysozyme 


Fig. 5. High-resolution details of Cdc37 interactions with Hsp90 and Cdk4. (A) Overall 
arrangement of Hsp90-Cdc37-Cdk4 (one Hsp90 monomer removed for clarity). The insets highlight 
Cdc37-Cdk4 interaction features: (Top) Cdc37 and Cdk4 interact via hydrophobic interactions and 
backbone hydrogen bonds, with perfect shape complementarity. (Bottom) Overlay of Cdc37's 
conserved HPN motif (teal) perfectly mimicking a type | 8 turn of the aC-f4 loop of six different 
kinases (shades of gray) (PDB IDs: 3G33, 2ITP, 1QMZ, 3PPO, 1JNK, and 4FK3). (B) Zooming in on 
Hsp90-Cdc37 interactions. (Top inset) Cdc37-Hsp90 interactions mimic previously identified p23- 
Hsp90 interactions (magenta). (Middle inset) Phospho-Ser’? stabilizes the local Cdc37 structure 
through interactions with conserved R36 and H33 and also interacts with Hsp90 at K406. (Bottom 
inset) Six salt bridges stabilize Hsp90-Cdc37 interactions. 
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density consistent with our map interpretation 
(fig. S10). 


Cdc37 precisely mimics a conserved 
feature of kinase N-lobe—C-lobe 
interactions and makes previously 
unseen interactions with Hsp90 


The resulting model (Fig. 4) contains a number 
of notable features that explain a wealth of ac- 
cumulated, seemingly contradictory observations. 
The Cdc37 NTD forms a long coiled-coil with a 
leucine zipper-like motif. The N terminus of this 
coiled-coil interacts with Cdk4 through extensive 
hydrophobic and hydrogen bonding interactions, 
burying 725 A? (table S2) in surface area, and 
mimicking interactions that the kinase «C-B4 loop 
normally makes with the C lobe (Fig. 5A). Addi- 
tionally, the following loop in Cdc37 overlays 
perfectly with the aC-B4 loop of multiple kinases, 
packing tightly against the kinase C lobe (Fig. 5A, 
bottom inset), revealing why this Cdc37 region is 
so conserved (fig. S11). Thus, Cdc37 binds to the 
kinase C lobe by mimicking interactions the N 
lobe normally makes, stabilizing separation of the 
two kinase lobes. 

The interactions between Cdc37 and Hsp90 
are considerably different from those seen in the 


A Cc 


esas) 


co-factors 


Active Inactive 


Inactive 


Active 


previous crystal structure of fragments of each 
protein. Instead of binding to an Hsp90 NTD sur- 
face that would be accessible only in the open state, 
Cdc37 M/C interacts with the Hsp90 MD in the 
Hsp90 closed state, although these interactions 
are fairly limited (only ~340 A? out of 2650 A” 
total buried surface area) (Fig. 4). Interactions 
with Cdc37 residues 120 to 129, which pack a B 
strand against Hsp90 MD (Fig. 5B), are more 
extensive. Additionally, part of the Cdc37 NTD 
binds to a new site on the closed Hsp90 NTD, 
somewhat mimicking interactions seen between 
p23 and Hsp90 (Fig. 5B, top inset). There is also an 
extensive network of ionic interactions between 
Cdc37 NTD and Hsp90 MD, which explains pre- 
viously identified salt sensitivity of Cdc37-Hsp90 
binding (Fig. 5B, bottom inset). Our structure thus 
helps to explain recent data indicating that Caeno- 
rhabditis elegans Cdc37 interacts with the MD of 
Hsp90 (27), rather than the NTD, as observed in 
previous human domain binding studies. Instead 
of assuming that C. elegans is different or that the 
interactions observed with isolated domains were 
incorrect, we propose that Cdc37-kinase first binds 
Hsp90 in its open conformation, as seen in the 
crystal structure, and then rearranges to the site on 
the MD upon Hsp90 closure, as seen in our structure. 


a6 | lI 


ADP+Pi 


Fig. 6. Conceptual model for linkage between kinase folding and activation and proposed model 
for the Hsp90-Cdc37-kinase cycle. (A) Transitioning between states through an unfolded intermediate 
(black dashed line) has a lower energy barrier compared with that for transitioning through rigid-body 
motion (black solid line). The Hsp90-Cdc37 complex stabilizes such an unfolded intermediate (orange 
solid line). (B) By comparison with nonclients (orange solid line), the active and inactive states of client 
kinases (orange dashed lines) are destabilized. (C) Speculative model for an Hsp90-Cdc37-kinase cycle. 
(1) The kinase domain transiently samples an open state. Interactions with cofactors (such as cyclins, 
SH2 and SH3 domains, etc.) stabilize the kinase native state, disfavoring the open state (NL, N lobe; 
CYC, cyclin; K4, Cdk4). Casein kinase 2 (CKIl)—phosphorylated Cdc37 (37) captures the open state by 
binding the kinase C lobe (Il). Cdce37-kinase then binds to open Hsp90 (Ill). Hsp90 binds to ATP and 
closes upon the unfolded part of the kinase. Cdc37 migrates down, resulting in the structure described 
here (IV). Upon hydrolysis of ATP, Hsp90 opens with Cdc37-Cdké4 still bound, providing a chance for the 
kinase to fold (V). If it folds, it displaces Cdc37 and leaves the complex. If, however, it fails to displace 
Cdc37, then Hsp90 is able to rebind ATP and go back to state IV, repeating the process. At some point 
during this cycle, PP5 phosphatase is recruited to the complex to dephosphorylate Cdc37. Pi, phosphate. 
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Phosphorylation of Cdc37 stabilizes the 
kinase-bound conformation 
Phosphorylation at the completely conserved Ser”? 
residue of Cdc37 is important for kinase function 
and was thought to be directly involved in kinase 
binding (15, 16). In our structure, there is density 
for the phosphorylated Ser™, which forms a salt 
bridge with Cdc37-Are”* and Cdc37-His”’, stabi- 
lizing the N terminus of the coiled coil (Fig. 5B, 
middle inset). This provides a molecular ration- 
ale for previous observations of a Cdc37 confor- 
mational change upon phosphorylation (28). Of 
note, this phosphate also contributes to the overall 
electrostatic nature of Hsp90-Cdc37 interactions, 
by forming a salt bridge with Hsp90-Lys*°®. The 
residues making up the Cdc37-Hsp90 NTD and 
Cdc37-kinase interaction surfaces are extremely 
well conserved (fig. S11), further validating the 
importance of the interactions observed here. 


Hsp90 and Cdc37 capture and stabilize 
structural transitions within the kinase 


In the ternary complex, Cdk4 assumes a confor- 
mation substantially different from those pre- 
viously observed for any kinase structure. The 
kinase hinge region and the 84-25 sheet are com- 
pletely unfolded, with the N and C lobes being 
pried apart and stabilized by the interactions 
with Hsp90 and Cdc37. On the basis of this con- 
formation, we propose a model where it is the 
propensity for the kinase to unfold to an N-lobe- 
C-lobe separated open state rather than a specific 
binding sequence that determines whether a par- 
ticular kinase will be a client. Furthermore, the 
fact that many nonclient kinases depend on Hsp90 
during initial folding would suggest that the open 
kinase state we observe is an on-pathway folding 
intermediate. 

In agreement with the model, the B3-aC loop 
of Cdk4 (strong client) has seven glycine residues 
versus one or two glycines in the same loop of 
Cdk2 and Cdk6 (nonclient and weak client, re- 
spectively). Mutating this loop in Cdk4 to the 
Cdk6 sequence stabilizes the protein (29). In a 
similar manner, a single point mutation derived 
from EGFR (nonclient) in the aC-B4 loop was 
able to abrogate the interactions of HER2 (strong 
client) with, and its dependence on, Hsp90-Cdc37 
(30). This point mutation would potentially intro- 
duce a salt bridge to stabilize the kinase loop (fig. 
$12) and, hence, the association between the ki- 
nase lobes. 

Our model explains why a sequence motif 
responsible for Hsp90 interactions has yet to be 
found. The allosteric properties of kinases allow 
distant and seemingly unrelated mutations to 
destabilize the N-lobe-C-lobe interface, explain- 
ing often-confusing mutagenesis results. Thus, 
nonclient kinases would exit Hsp90 dependence 
after initial folding via stabilizing interactions 
with regulatory partners or extra domains (cyclin, 
dimerization partners, SH2 and SH3 domains, etc.). 


Linking kinase unfolding to assembly 
and activity 


Why might it be beneficial for a large percentage 
of human kinases to substantially populate a 
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folding intermediate, even when mature? Rather 
than being a vestige of kinase evolution with 
Hsp90 buffering gain-of-function destabilizing 
mutations (31), we argue that being able to safely 
populate such an open folding intermediate has 
a direct functional and regulatory benefit. Recent 
computational efforts have suggested a connec- 
tion between folding and kinase activity (32, 33). 
The concept is that the most favorable transition 
between the inactive and active states is through 
amore open, unfolded state rather than through 
a more classical rigid-body transition. Although 
the opening seen in simulations is far more sub- 
tle than what we observed, we suggest that the 
concept still applies (Fig. 6A). The generally lower 
stability of client kinases would lead to enhanced 
sampling of the open state, thereby encourag- 
ing chaperone binding (Fig. 6B). Chaperone sta- 
bilization of a kinase open state could increase 
the overall rates of interconversion and/or pro- 
tect a potentially vulnerable state from aggre- 
gation or recognition by the ubiquitinylation 
machinery. Moreover, the open state could be 
the preferred substrate for adding and removing 
posttranslational modifications, as well as for 
critical stabilizing interactions. 


Life cycle of kinase-Hsp90-Cdc37 
interactions 


Our structure also suggests how the observed 
state might arise and mature (Fig. 6C). Hsp90 
would first interact with Cdc37-kinase via previ- 
ously published crystal structure contacts (Fig. 6C, 
state ITI). Whether assistance from Hsp70 and/or 
Hsp40, as with the glucocorticoid receptor, would 
be required is still unclear (34), but the inability to 
directly form the complex from components and 
Chk1 reconstitution experiments (35) is sugges- 
tive. During the cycle, Cdc37 would act as a 
quality-control checkpoint, where it would dis- 
sociate from the kinase only upon proper fold- 
ing of the N lobe. The long coiled-coil would allow 
Cdc37-kinase to stay attached to Hsp90 during 
multiple ATP hydrolysis events. If the kinase would 
fail to dissociate after many hydrolysis events, 
the degradation machinery might then be re- 
cruited to the complex. Although Fig. 6C cap- 
tures the essence of the available data, other 
models are possible. 

Beyond revealing the kinase open state, our 
cryo-EM reconstruction allowed us to build the 
first atomic models for human cytosolic Hsp90 
and the kinase-interacting N terminus of Cdc37. 
The ability to collect a large number of particles, 
coupled with the capabilities of single-electron- 
counting detectors and 3D classification software, 
allowed us to visualize multiple conformations, 
providing a qualitative assessment for the dyna- 
mic nature of the complex. Overall, our structure 
has enabled us to explain a number of often- 
contradictory biochemical observations and to 
provide both mechanistic and conceptual models 
of Hsp90-kinase interactions that can be tested 
in future experiments. Our structure also indi- 
cates the potential for single-particle cryo-EM to 
facilitate exploration of other dynamic, asymme- 
tric complexes at near-atomic resolution. 
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QUANTUM SIMULATION 


Exploring the many-body localization 
transition in two dimensions 


Jae-yoon Choi,'*+ Sebastian Hild,'* Johannes Zeiher,’ Peter Schauf,'t+ 
Antonio Rubio-Abadal,' Tarik Yefsah,'§ Vedika Khemani,” David A. Huse,”* 


Immanuel Bloch,’* Christian Gross’ 


A fundamental assumption in statistical physics is that generic closed quantum many-body 
systems thermalize under their own dynamics. Recently, the emergence of many-body localized 
systems has questioned this concept and challenged our understanding of the connection between 
statistical physics and quantum mechanics. Here we report on the observation of a many-body 
localization transition between thermal and localized phases for bosons in a two-dimensional 
disordered optical lattice. With our single-site—resolved measurements, we track the relaxation 
dynamics of an initially prepared out-of-equilibrium density pattern and find strong evidence for a 
diverging length scale when approaching the localization transition. Our experiments represent a 
demonstration and in-depth characterization of many-body localization in a regime not accessible 
with state-of-the-art simulations on classical computers. 


n his seminal work on localization in quan- 
tum mechanical systems, Philip Anderson em- 
phasized the implications of localization on 
the thermodynamics of closed quantum sys- 
tems (J). Recently, perturbative arguments 
suggested the existence of nonthermalizing, many- 


body localized systems at low energy (2, 3). Soon 
thereafter, these arguments were extended to all 
interaction strengths and energy densities for 
systems with a bounded spectrum (4, 5). The 
implication—nothing less than a breakdown of 
equilibrium statistical mechanics for certain generic 
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macroscopic systems—triggered tremendous the- 
oretical efforts (6-8). Furthermore, the break- 
down of the eigenstate thermalization hypothesis 
(9-12) caused by the failure of these systems to act 
as their own heat bath implies the persistence of 
initial state information, which might serve as a 
useful resource for quantum information tech- 
nologies (13). Several other notable features of 
many-body localization (MBL) have been unco- 
vered, such as the description of fully localized 
systems by coupled localized integrals of motion 
(14, 15). This underlies the absence of particle 
transport but allows the transport of phase cor- 
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relations, leading to a characteristic logarithmic 
growth of the entanglement entropy in the case 
of short-range interactions (J6-20). Another dis- 
tinctive feature of many-body localized systems, 
as compared with noninteracting low-dimensional 
systems, is the requirement of a nonzero disorder 
strength for the localized phase to appear (27, 22). 

Recently, the absence of thermalization due to 
MBL in a quasi-disordered one-dimensional (1D) 
Fermi lattice has been reported (23, 24). These 
studies explored the system’s behavior at long 
times and high energy density, as opposed to 
earlier experiments with noninteracting systems 
(25-30) or interacting ultracold atoms in lower- 
energy states (31-36). A recent experiment with 
3D disordered lattice fermions provided evidence 
for the absence of particle transport, even at 
elevated temperatures (37). Indications for local- 
ization in Fock space, one characteristic property 
of MBL (2), have been reported in short ion 
chains (38), and MBL has been suggested as one 
possible explanation for the recently observed 
vanishing conductance in disordered supercon- 
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ductors at nonzero temperature (39). However, 
despite intensive theoretical and experimental 
efforts, some aspects of MBL, such as the details 
of the localization transition, including the iden- 
tification of diverging length scales, are still not 
fully understood. Whereas in one dimension the 
localization transition is rather well studied 
(21, 22, 40, 41), the nature of MBL in higher 
dimensions is an open question. 

Here we address the open question of the 
nature of a MBL transition in two dimensions, 
which we observe experimentally and character- 
ize. We report on the single-site-resolved study 
of thermalization and transport in a disordered 
2D bosonic optical lattice, starting from a high- 
energy density initial state far from equilibrium. 
By tracking the time evolution of an initially 
prepared density domain wall for variable dis- 
order strengths, we reveal the fairly sharp onset 
of nonthermalizing behavior above a critical value 
of disorder strength. The observed localization 
transition is found when the disorder, single- 
particle bandwidth, onsite interaction, and 


Cc A/J=13 


Fig. 1. Schematics of the experiment and raw images. (A) A 2D random 
disorder potential is imaged onto a single atomic plane in an optical lattice. 
The disorder is controlled by a digital mirror device (DMD), which converts 
a Gaussian laser intensity profile into a 2D random intensity distribution 
with spatially uniform mean light intensity (bottom image). The limited 
numerical aperture (NA = 0.68) of the microscope objective introduces a 
finite correlation length and leads to a smoothing of the disorder distribu- 
tion. The histogram at bottom right (red bars) is the measured disorder 
distribution and its asymmetric Gaussian fit curve (red solid line), where A 
is the full width at half maximum of the disorder distribution. Distinct to 
the other two images showing the original (bottom) and smoothed (middle) 
light intensity distributions, the top image displays the local disorder po- 
tential determined by in situ spectroscopy (42). The yellow circles on the 
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lower images indicate the spectroscopically calibrated region. (B) Raw 
fluorescence images (the red-to-yellow color scale corresponds to increasing 
detected light level) showing the evolution of the initial density step with- 
out disorder. The left column shows single images (isolated red dots are 
individual atoms) of the parity-projected atomic distribution for the indi- 
cated evolution times. The right column displays the mean density distri- 
bution averaged over 50 different disorder potentials. The top left image 
depicts the initial state for which the analysis region (dx x dy = 5 x 31) is 
indicated by the white box. For the high-disorder case shown in (C) the 
detected initial-state filling is slightly lower, which is an artifact of the parity 
projection (42). In contrast to (B), traces of the initial state remain at all 
times in the disordered case. The white circles in the averaged density 
profiles after t = 249t highlight the difference. a.u., arbitrary units. 
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energy density are all of comparable strength. 
This regime of parameters, being far from the 
disorder-dominated (classical) and the interaction- 
dominated limits, is highly nontrivial from a 
theoretical perspective. Precise and direct char- 
acterization of the projected disorder potential 
by site-resolved spectroscopy allows for a direct 
comparison of our results with a numerical predic- 
tion for the noninteracting model, highlighting the 
dramatic differences and pointing out the key role 
of interactions. Furthermore, by locally comparing 
the observed density profiles to a thermalizing ref- 
erence measured without disorder, we obtain 
strong evidence for a diverging length scale when 
approaching the transition from the localized side. 


Experimental setup 


We began by preparing a 2D approximately unity 
filled Mott insulator of bosonic ®’Rb atoms in a 
single plane of a cubic optical lattice with lattice 
spacing dQ, = 532 nm. To ensure that the initial 
state was separable, we froze out any motion at a 


Fig. 2. Relaxation dynamics of a density 
domain wall. The evolution of the 
imbalance Z shown for five different 
disorder strengths [A/J = O (dark green), 
3 (medium green), 4 (light green), 

8 (light blue), and 13 (dark blue)] 
displays a saturation behavior toward a 
quasi-steady state for all disorder 
strengths. For low disorders (green 
curves), the asymptotic value of the 
imbalance is vanishing, whereas a 

finite imbalance remains for higher 
disorder (blue). Solid curves are fits 

to the data with Z = Zpexp(-t/t;) + Za, 
of which the decay time t, is plotted 
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lattice depth of 40Z, in the 2 and y directions, 
where E, = h?/8ma;,, is the recoil energy, / the 
Planck constant, and m is the atomic mass. Next, 
we used a digital mirror device-based spatial 
light modulator (42) to optically remove the right 
half of the atomic population such that about NV = 
125(11) atoms remained in the lattice sites located 
at x < O, thus preparing a sharp density domain 
wall. For each experimental realization, a new 
computer-generated random disorder pattern 
drawn from a uniform distribution was displayed 
on the light modulator and subsequently projected 
onto the atoms (Fig. 1A). The optical projection 
results in a slightly asymmetric disorder distri- 
bution and a convolution of the disorder, with 
the point spread function of the imaging system 
leading to a finite disorder correlation length 
0.6a),, and a narrowing of the disorder distribu- 
tion to a width A (Fig. 1A, inset) (43). We used 
single-site-resolved spectroscopy of the atomic 
sample to directly characterize the disorder. The 
topmost disorder picture in Fig. 1A displays the 
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versus disorder strength A in the inset. Error bars represent 1 SD of the mean in the main figure and 
95% confidence bounds of the fit parameters in the inset. h, Planck’s constant h divided by 2n. 


result of one such spectroscopic measurement 
for the configuration shown in the two images 
below. We then initiated the dynamics of the 
initial domain wall by lowering the 2 and y 
lattice depths to 12£, in 5 ms, which is less than 
one tunneling time. Next, we allowed the system 
to evolve for a variable time ¢ in the disorder po- 
tential, after which we used fluorescence imaging 
to measure the local parity-projected density (44). 

During the dynamics, the system is described 
by a 2D Bose-Hubbard Hamiltonian with onsite 
disorder 


Here, a, (dG) is the bosonic creation (annihilation) 
operator, i = adj is the local density operator 
on site i = (zy, zy), and the first sum includes all 
neighboring sites. A harmonic trapping poten- 
tial Vi = maj,,(o;2;, + @,%;,)/2 with frequencies 
(@r, @y) = 2n x (54, 60) Hz in the w and y direc- 
tion confines the atoms around the trap mini- 
mum. The nearest-neighbor hopping strength at 
a lattice depth of 12H, is J/h = 24.8 Hz, corre- 
sponding to a tunneling time of t = h/2nJ = 6.4:ms. 
Longer-range hopping terms are neglected, as they 
are exponentially suppressed. The onsite interac- 
tion strength is U = 24.4J, and 6; denotes the onsite 
disorder potential. For these parameters, in the 
absence of disorder, the system’s ground state is 
in the Mott insulating phase, albeit with strong 
particle-hole fluctuations (45). 


MBL in two dimensions 


For reference, we first tracked the time evolution 
without any disorder potential applied. Even 
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Fig. 3. Identifying the MBL transition. (A) Disorder dependence of the 
imbalance after equilibration of the dynamics [constant evolution time of 1877, 
also in (B)]. The data show a sharp onset of nonzero quasi—steady-state 
imbalance Z at a disorder strength of Acz = 5.5(4)J, and the solid line is a 
double linear fit (described in the text) to extract the critical disorder. The inset 
illustrates the sharpening of the transition versus time and demonstrates the 
saturation of its shape by showing the imbalance extracted from the fits in Fig. 2 
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at different evolution times. (B) Deviation from the zero-disorder thermal profile, 
as measured by the root mean square density difference 5n at various disorder 
strengths. The relaxed density profiles differ by more than the random position- 
induced measurement noise from the thermal profile abruptly above the 
critical disorder strength Ags, = 5.3(2)U. The inset shows the averaged 
reference density profile for zero disorder (green) and the averaged profile at 
a high disorder of A = 13J (blue). Error bars represent 1 SD of the mean. 
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Fig. 4. Diverging density decay length at the localization transition. (A) The spatial dependence of the normalized average density n(A)/n(O) in the 
initially empty region is fitted by an exponentially decaying model (solid lines). The level of blue brightness encodes the disorder strength increasing from 
light to dark: A/J = 4, 7, 13, and 17. (B) Fitted decay constant 4 as a function of disorder strength A. The solid light blue line is a double linear fit (described 
in the text) to locate the transition point Acs, = 5.3(2)J. The inset shows the diverging decay length € = 1/ near the critical disorder strength. Evolution 


time 187t is for all data shown here. Error bars re 


Fig. 5. Interaction dependence of 
the localization transition. Quasi— 
steady-state imbalance Z versus dis- 
order strength A for different initial 
densities (evolution time 1871). The 
interaction effects are reduced by low- 
ering the initial filling to 0.23, which is 
25% of the value previously discussed 
in Fig. 3A (light blue). The clear 
difference in critical disorder strengths 
highlights the strong influence of 
interactions on the localization. The 
right two insets show representative 
fluorescence images of the initial den- 
sity distribution for each case. The left 
inset is a zoomed-out view of the main 
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figure where we added the results of exact diagonalization numerics for the noninteracting system 
with the same experimental conditions (black open squares). Here, the horizontal error bars denote 
the systematic uncertainty in the disorder strength. Vertical error bars represent 1 SD of the mean. 


from the bare images (Fig. 1B), it is clear that the 
initially prepared density step is smeared out 
after a few tens of tunneling times t, and after a 
longer time, no information about the initial den- 
sity step remains. The observed density distribu- 
tion appears thermal, and neglecting quantum 
fluctuations at 12Z, (that is, assuming decoupled 
sites), we extracted an upper limit of the tem- 
perature of T < 0.54(1)U/kg, where kg is the 
Boltzmann constant. This temperature estimate 
was obtained by a global fit to the radial density 
profile, assuming a grand canonical ensemble for 
each site with the chemical potential given by the 
local density approximation (44). The correspond- 
ing energy per particle of E,/N = 0.58(1)U might 
be overestimated by up to 0.15U, due to the finite 
band width, and agrees reasonably well with the 
expectation for a thermalized state, assuming 
that the lattice ramp to 12/, was adiabatic with 
respect to the band gap. Here, the energy density 
of the initial out-of-equilibrium state contributes 


1550 24 JUNE 2016 * VOL 352 ISSUE 6293 


with E,/N = 0.28(3)U (where Ep is the sum of the 
initial thermal and the potential energy due to 
the trap), determined by the initial thermal en- 
ergy and the harmonic trap with frequency ,. An 
additional energy increase is present due to small 
heating during the 2-s evolution time [Ey/N = 
0.18(6)U] used in this measurement (43). In con- 
trast, upon repeating the measurement with 
strong disorder, traces of the initial state remain, 
and the system does not relax to a spatially sym- 
metric density distribution expected for thermal 
state (Fig. 1C). 

A direct and model-free quantity that can be 
used to identify a nonthermalized state is the 
density asymmetry quantified by a nonzero left 
(N,) and right (Vg) atom number imbalance 
T= pres , which we analyze, as with all other 
extracted quantities, in a central region of in- 
terest extending over five lattice sites in the y 
direction. The zero line (@ = 0) separating left 
and right is defined by the position of the initial 


present 1 SD of the mean in (A) and 95% confidence bounds of the fit parameters in (B). 


density step and was precisely aligned to the 
closest lattice site to the trap center, resulting in 
an offset of up to +1 lattice sites, corresponding 
to Z+0.05. The evolution of the imbalance (Fig. 2) 
confirms that, for all disorder strengths, the sys- 
tem reaches a quasi-steady state within ~150t. 
For small disorder strengths, we find a vanishing 
imbalance, whereas for large disorder, a nonzero 
imbalance remains, even for long evolution times. 
We interpret this latter regime as the many-body 
localized phase, where the observed quasi-steady 
state is clearly nonthermal and transport through 
the system is blocked. The relaxation time ¢,, 
extracted from an exponential fit to the data, 
increases with disorder strength and hints at a 
saturation in the nonthermal regime (Fig. 2, in- 
set). We now turn to a series of measurements in 
which we fix the evolution time to ~190t, which 
is well in the quasi-steady-state regime but short 
enough to keep the effects of atom number loss 
and noise-induced coupling to higher-energy bands 
negligible. On this time scale, we also expect the 
effects of low-frequency noise on the disordered 
system to be small. Considering the measured 
heating rate in the nondisordered system as an 
upper bound for the energy increase, the energy 
per particle would change by only ~10% within 
one relaxation time ¢,. Small couplings with the 
environment might lead to relaxation of the 
quasi-steady state on time scales much longer 
than our experimental time scale (46-50). 


Identifying the MBL transition 


The transition from zero to nonzero imbalance 
TZ. for large disorder indicates the presence of a 
thermalizing phase for low disorder strengths 
and an apparent transition to a localized phase 
at higher disorder. To locate an MBL transition, 
we recorded a series of measurements with fixed 
evolution time in the quasi-steady-state regime 
and scanned the disorder around the critical 
value (Fig. 3). We find a fairly sharp onset of 
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nonzero-steady-state imbalance at a disorder 
strength A.z = 5.5(4)J, which indicates that the 
transition is taking place in the system, where we 
extracted the critical disorder from a simple 
double linear fit Z(A) = Zo + Zy-max|(A-A,.7), 0] 
with A/J¢(0, 8]. In the vicinity of the transition, 
slow subdiffusive transport has been predicted 
(21, 22, 51-53), which suggests that our measure- 
ments might not have reached a true steady state 
in this regime. Because of this, it is possible that 
the resulting transition might move toward 
stronger disorder if we were able to study much 
longer times. Our high-resolution detection al- 
lows for a local comparison of the measured 
density profiles with the equilibrated thermal 
profile observed at vanishing disorder. As shown 
in Fig. 3B, we use this method as a more sen- 
sitive probe to detect deviations from the ther- 
mal profile by calculating the root ae square 


deviation 6n = SAO) —nj(A)|° of the 


L 
vertically (y direction) averaged reference profile 
2 
nji(0) = 1S nj;(0) and the finite disorder pro- 
-2 


files nid. We observe that the profiles start to 
deviate at A.s, = 5.3(2)J, with a fairly sharp kink 
signaling the transition, which is quantitatively 
consistent with the imbalance measurements. 
Whereas localization is predicted for vanishingly 
small disorder strength in the noninteracting case, 
the finite interaction Uin our system promotes 
thermalization. This is consistent with our ob- 
servation of a thermal behavior at nonzero A. 
However, as the disorder strength is increased 
above a critical value, the localization is restored, 
which is particularly notable because this tran- 
sition takes place in the regime where the dis- 
order A, the interaction U, and the single-particle 
bandwidth 8/ are comparable. 

The MBL phase transition is expected to be 
a continuous transition (21, 22, 40, 41, 54) for 
which one expects a characteristic diverging 
length scale when approaching the transition. 
With our experiments, we have direct access to 
the steady-state decay length €(A) of the initially 
prepared density step, which is directly related 
to a density-density correlation length. To min- 
imize the influence of the external trap, we ref- 
erence the density profile 2A) to the thermal 
profile n,(0) by calculating 7;(A) = ;(A)/n;(0) 
(Fig. 4A). The observed decay is found to be well 
captured by an exponential fit 7;(A) ~ e*(4 
with a disorder-dependent decay constant (A) = 
1/&(A). A priori, we would have expected a cross- 
over from an interaction-dominated decay to a 
single-particle-dominated decay at low densities 
present at the outer edge of our sample. How- 
ever, within the experimental uncertainty we 
cannot identify such an effect. We directly ob- 
serve the diverging behavior of the decay length 
&(A) when approaching the transition from the 
localized side (Fig. 4B, inset). The related decay 
constant A(A) also shows a very sharp kink at 
Aca = 5.3(3)J, marking the onset of the localized 
region. We empirically obtain the critical dis- 
order A,, using the bilinear fit function, (A) = 
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Ao + Ay + max[(A - A,.),0] with A/Je[0, 8]. We 
emphasize, that all three methods of extracting 
the critical disorder strength of the MBL tran- 
sition in the experiments agree within the fit 
errors. 


Interaction dependence 


To experimentally verify that the observed be- 
havior of the system is induced by interactions, 
we reduced the initial density and, therefore, the 
effects of the interaction on the dynamics while 
keeping the initial energy per particle (E/N) 
constant. Lower atomic densities are obtained by 
uniformly transferring a given fraction of the 
atoms by applying a microwave pulse to another 
hyperfine state and then optically removing the 
transferred population. When we reduced the 
density by factor of 4, we observed a clear shift of 
the localization transition toward lower disorder 
strength, as was expected (Fig. 5). Here, the left- 
right imbalance Z(A) displays a sharp transi- 
tion behavior at a smaller critical disorder of 
Az = 3.6(2)J. Furthermore, the numerical pre- 
diction for a noninteracting system obtained by 
exact diagonalization (43) is fully incompatible 
and strongly differs from both measurements, 
showing that the interactions facilitate thermal- 
ization for low disorder strengths. Reducing the 
system size by the preparation of a smaller initial 
Mott insulator did not affect the observed critical 
disorder (43). From these observations, we con- 
clude that the nonzero critical disorder strength is 
due to the interactions and that the measured 
critical disorder value is not strongly influenced 
by the small external driving caused by laser fluc- 
tuations discussed above. 


Conclusions 


Our experiments provide evidence for MBL in 
two dimensions by the observation of a tran- 
sition from a thermalizing phase to a localized 
phase of interacting bosons in a disordered op- 
tical lattice. The system size analyzed in our ex- 
periment is far beyond numerically accessible 
scales, demonstrating a nontrivial quantum re- 
alization of the MBL system that challenges both 
analytical and numerical theory. Furthermore, 
we supplemented our observation of an MBL 
transition with the demonstration of a clear shift 
of the transition point for effectively smaller 
interaction energy. Even though it is difficult to 
distinguish a true phase transition from a sharp 
crossover within experiments, our results mark a 
first step in understanding MBL in more than 
one dimension and can be extended to obtain 
detailed information about the nature of the 
MBL transition, such as its dynamical critical 
exponent (2/, 22). Furthermore, supplementing 
transport experiments with density-density cor- 
relation measurements, or even measurements 
of the entanglement entropy (55, 56), offers a 
promising possibility to demonstrate ongoing 
phase dynamics in the localized phase while the 
density or charge transport is frozen (38, 57). Via 
detailed studies of the dynamics of transport, it 
should also be possible to study Griffiths effects 
and subdiffusive transport in the vicinity of the 


transition (21, 22, 51-53). In addition to dynam- 
ical properties, our technique might allow the 
investigation of many-body eigenstate-related 
properties, such as the local integrals of motion 
(14, 15) defined via local operators (54). 
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QUANTUM PHYSICS 


Quantum phase magnification 


O. Hosten, R. Krishnakumar, N. J. Engelsen, M. A. Kasevich* 


Quantum metrology exploits entangled states of particles to improve sensing precision 
beyond the limit achievable with uncorrelated particles. All previous methods required 
detection noise levels below this standard quantum limit to realize the benefits of the 
intrinsic sensitivity provided by these states. We experimentally demonstrate a widely 
applicable method for entanglement-enhanced measurements without low-noise 
detection. The method involves an intermediate quantum phase magnification step that 
eases implementation complexity. We used it to perform squeezed-state metrology 

8 decibels below the standard quantum limit with a detection system that has a noise floor 


10 decibels above the standard quantum limit. 


he prospect of using quantum entanglement 

to improve the precision of atomic and op- 

tical sensors has been a topic of discussion 

for more than two decades. Examples of re- 

cent work using atomic ensembles include 
the preparation of spin-squeezed states (7-12), 
Dicke states (13-15), and other states with nega- 
tive Wigner functions (16). An assumption com- 
mon to all this work is that low-noise detection 
methods are required to properly measure and 
make use of the prepared quantum states. In fact, 
detection noise has thus far been the bottleneck 
in the performance of these systems. To this end, 
there has been dedicated work on improving state- 
selective detection of atoms with both optical 
cavity-aided measurements (17, 78) and fluores- 
cence imaging (19, 20). 

Here, we describe the concept and the im- 
plementation of a quantum phase magnification 
technique that relaxes stringent requirements in 
detection sensitivity for quantum metrology. This 
method is a generalization of a recent proposal 
for approaching the Heisenberg limit in measure- 
ment sensitivity without single-particle detection 
(21). We demonstrate the method in an ensemble 
of "Rb atoms. As in a typical atomic sensor or 
clock, the goal is to measure a differential phase 
shift accumulated between a pair of quantum 
states during a time interval. Making this measure- 
ment requires the phase shift to be converted into 
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a population difference (12, 22), after which the 
population difference is measured. Our scheme 
magnifies this population difference before the 
final detection, in effect magnifying the initial 
phase shift. The atomic ensemble is first spin- 
squeezed using atomic interactions aided by an 
optical cavity, and then small rotations—to be 
sensed—are induced on the atomic state. These 
rotations are magnified by stretching the rotated 
states (Fig. 1A), using cavity-aided interactions, 
and are finally detected via fluorescence imaging. 
Magnification allows for substantial reduction in 
the noise requirements for the final detection. 
Although the method is demonstrated in an atom/ 
cavity system, it is broadly applicable to any 
quantum system that has a suitable nonlinear 
interaction [see below and (23)]. 

The collective state of an ensemble of N two- 
level atoms—here, the clock states of °’Rb—can 
be described using the language of a pseudo-spin- 
N/2 system. The g-component of the spin, J,, 
represents the population difference, and the ori- 
entation in the J, - J, plane represents the phase 
difference between the two states. As these angular 
momentum components do not commute, both 
the population and the phase possess uncer- 
tainties. For a state with (J,) ~ N/2, the un- 
certainties satisfy AJ, - AJ, = N/4, where J, is 
now identified with the phase of the ensemble. 
Coherent spin states (CSS) with noise AJ, = AJy = 
VN/2 = Acgs establish the standard quantum limit 
(SQL) to minimum resolvable phase or popula- 
tion difference. 


The magnification procedure (Fig. 1A) starts 
with a mapping of J, onto J, (Fig. IB) via a shear- 
ing interaction. A rotation of J, into J, follows to 
complete the sequence. The interaction leading to 
the mapping (shearing) generates a rotation of 
the state about the J, axis, with the rotation rate 
depending on J,, and is represented by the one- 
axis twisting Hamiltonian (24) H = hyJ2, where 
h is the Planck constant divided by 2x and x is 
the shearing strength. 

The Heisenberg equations of motion for the vec- 
tor operator J yield dJ /dt = 1/4(Q x J-J x Q), 
where the rotation vector Q = 22yJ, is also an 
operator, and z is a unit vector in the z-direction. 
We assume that the angular shifts we seek to mea- 
sure are small (otherwise, they would readily be 
measurable without magnification) and that the 
uncertainties of the states after magnification oc- 
cupy a small fraction of the Bloch sphere. With 
these assumptions and working with near-maxi- 
mal initial 2-polarization J, ~ J = N/2, we can 
linearize the problem and focus our attention to 
a planar patch of the spherical phase space (Fig. 1, 
B to D). The equations of motion then yield J.@ = 
J<O)and J, (t) = JO) + MJ.{0) with M = NJtdt'y(¢’). 
Thus, the initial J, is mapped onto J, with a mag- 
nification factor M. This is analogous to free expan- 
sion of a gas if one identifies J, with a particle’s 
momentum and J, with its position. 

We implement the one-axis twisting Hamiltonian 
through a dispersive interaction between atoms 
and light in an optical cavity (J) (Fig. 2A). The 
underlying mechanism is a coupling between the 
intracavity power and atomic populations. The 
atom-cavity detuning is set such that the shift in 
the cavity resonance due to the atoms is propor- 
tional to J, (Fig. 2C). Thus, J, sets the cavity-light 
detuning, which in turn sets the intracavity power 
(Fig. 2D), which in turn provides a J,-dependent 
ac-Stark shift—hence the J? interaction. Imple- 
mented this way, there is also a J,-independent 
part of the ac-Stark shift, causing global rotations 
of the state about the J, axis even for J, = 0. The 
rotation angle ac due to this effect is propor- 
tional to the pulse area of the interaction light 
incident on the cavity. By directly measuring Oc 
and offsetting the phase of the microwave oscil- 
lator by the same amount, we effectively work in 
a frame where the center of the states remains in 


the J, - J, plane (23). The magnification parameter 
55 
mM =n_*__ 4 (1) 
&+(K/2) 


obtained in this implementation directly relates to 
the measured quantity ac. Here, 6, = 5.5 Hz is the 
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cavity frequency shift per unit J,, « = {8.0, 10.4} kHz 
is the cavity full linewidth at N = {0, 5 x 10°}, 
and do is the empty cavity-light detuning. The 
decay of the cavity field results in back-action 
noise that is not taken into account in the simple 
Hamiltonian analysis above. However, these ef- 
fects are negligible in the parameter range we 
use for the magnification protocol and can be 
ignored (23). 

The details of the experimental apparatus are 
described in (12, 25). We load up to 5 x 10° atoms 
at 25 uK into an optical lattice inside the high- 
finesse (1.75 x 10°) cavity (23). A’780-nm standing- 
wave cavity mode is used for generating the col- 


lective interactions and probing the atoms. The 
lattice holds the atoms at the intensity maxima of 
this 780-nm mode, ensuring uniform atom-cavity 
coupling (Fig. 2, A and B). The 1560-nm lattice 
light, whose frequency is stabilized to the cavity, 
generates the 780-nm light through frequency 
doubling, guaranteeing its frequency stability 
with respect to the cavity. By measuring the phase 
of a reflected probe pulse with homodyne detec- 
tion, we can determine the empty cavity frequency 
down to a J, equivalent of three spin-flips. 

In our procedure, the low-noise cavity probe is 
used to obtain reference information about the 
states before magnification, which is then com- 


A J, 


Fig. 2. Experimental setup implementing phase mag- 
nification. (A) ®’Rb atoms are trapped inside a high-finesse 
cavity (length 10.7 cm) using a 1560-nm cavity mode as a 
one-dimensional optical lattice. A 780-nm mode is used to 
generate collective atomic interactions and to probe the 
cavity resonance frequency (J, measurements) by record- 
ing the phase of a reflected probe pulse (~10 pW, 200 us). 
Microwaves are for atomic state rotations. A charge-coupled 
device (CCD) imaging system measures the population dif- 
ference between the hyperfine states after releasing the 
atoms from the lattice and spatially separating the states. 
B) Because of the commensurate frequency relationship 
between the trapping laser and the interaction/probe 
aser, all atoms are uniformly coupled to the 780-nm mode. 
C) The 780-nm mode couples the two hyperfine clock 
states separated by wp to the excited manifold with op- 
posite detunings. Thus, the two states pull the intracavity 
index of refraction in opposite directions, leading to a cavity 
frequency shift proportional to J,. (D) The mechanism lead- 
ing to the collective atomic interactions (J2 Hamiltonian) 
that enables the magnification process: linking of the intra- 
cavity power to J,, producing a J,-dependent ac-Stark 
shift. The frequencies of the interaction beam vine and 
probe bea vprobe are indicated. 
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pared with the noisy fluorescence measurements 
after magnification. 

We first prepare a CSS aligned with the J, axis 
of the Bloch sphere using 2 x 10° atoms (23), then 
apply a small microwave-induced rotation about 
the J, axis (+2 mrad) to displace the center of 
the CSS to a J, value of +200. As characterized 
by cavity measurements, the widths of the result- 
ing J, distributions read within 0.5 dB of the ca- 
librated CSS noise level (72) (Fig. 3A). We illustrate 
the magnification protocol (Fig. 3) using these 
characterized states. We implement the follow- 
ing sequence (23): excite the cavity with a 200-us 
light pulse, detuned by 69 = 36 kHz, to shear the 


Fig. 1. Conceptual description of quantum phase 
magnification. (A) Illustration of the magnification pro- 
tocol on the Bloch sphere. The Wigner quasi-probability 
distributions are shown for two separated initial CSSs 
(left) and after the states are magnified through 
collective interactions (right). Here this is shown with 
N = 900 atoms and a magnification of M = 3 for 
pictorial clarity. Experimentally we use up to N = 5 x 
10° and M = 100, permitting us to concentrate on a 
planar patch of the Bloch sphere. (B and C) Effect of 
the J (shearing) interaction used for mapping J; onto 
Jy for a pair of different initial states with separations S 
and S’ = S/2; each panel shows three different 
magnification factors. Note that a 2/2 rotation about 
the J, axis needs to follow to complete the protocol. 
CSSs (B) and 6-dB squeezed states (C) together illustrate 
the requirement of larger magnifications to separate 
two initially squeezed states. (D) A small rotation 6 
about the J, axis is added before the shearing step, 
eliminating the requirement of larger magnifications 
for squeezed states by giving rise to a refocusing of the 
Jy noise. At an optimal magnification (here M = 3), the 
noise-refocusing scheme maps the initial J, onto Jy, 
preserving the SNR associated with the two initial states. 
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Fig. 3. Characterization of the basic magnification process with CSSs. (A) Sample distributions 
(400 samples each) comparing the cavity-based measurements of J, with fluorescence imaging— 
based measurements after a magnification of M = 45. The two distributions in each plot correspond 
to different initial states with (J) = +200 prepared using 2 x 10° atoms. (B and C) Magnification of 
the separation between the two distributions as a function of accumulated ac-Stark shift phase dac 
imparted on the atoms at fixed cavity-light detuning of 36 kHz (B) or as a function of cavity-light 
detuning 89 at fixed dac = 0.6 rad (C). Solid lines are fits to the data as a function of dac and &o, 
respectively, in Eq. 1. Fitted curves agree with theoretical curves (not shown) to within 10%. (D) SNR 
associated with the two distributions as a function of the magnification parameter, normalized to 
that obtained by the cavity measurements (normalized SNR). Magnification is varied by changing 
dac. The solid line is a fit of the form M/(a? + M?)”?: the fit parameter a contains information 
primarily about fluorescence detection noise. In (B) to (D), error bars and shaded regions denote the 
68% statistical confidence interval for data and fits, respectively. 
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Fig. 4. Magnification process with noise refocusing using 8-dB squeezed spin states. (A) Post- 
magnification J, noise in units of CSS noise for different amounts of prior rotation @ about the J, axis 
(see Fig. 1D). Solid lines are a global fit to the entire data set with two free parameters: dé/dt (the 
rate of change in @ with microwave pulse time) and the J, noise of the initial squeezed states. 
Obtained values are within 15% of the calculated values. The inset shows the distribution of two 
separated 8-dB squeezed initial states (5 x 10° atoms) as identified by cavity measurements [to be 
compared with the M = 30 distribution in (B)]. The dashed line shows M x (Jz noise contribution from 
the initial squeezed states); the dotted line shows M x (CSS noise). Error bars denote the 68% 
statistical confidence interval. (B) The distributions after the magnification protocol at the indicated 
M values for 6 = 29 mrad. The normalized SNR becomes 0.96 + 0.06 at M = 1/|6| (middle histogram), 
where the dashed line is tangent to the 6 = 29 mrad noise curve in (A). For M values to either side of 
1/|6|, the two distributions blur into each other (top and bottom histograms). 
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state; apply a microwave 1/2 rotation about the 
J, axis; and count the atoms state-selectively using 
fluorescence imaging (23). The fluorescence detec- 
tion setup has a technical noise floor of 1200 atoms 
RMS, which is ~{15, 11} dB above the SQL for {2 x 
10°, 5 x 10°} atoms. 

A comparison of the J, distributions obtained 
separately by cavity and fluorescence measure- 
ments (Fig. 3A) allows for extraction of magnifica- 
tion parameters (23). The magnification increases 
linearly with incident shearing light power (Fig. 
3B), quantified by o,c, and has the expected de- 
pendence on cavity-light detuning (Fig. 3C). In 
the large M limit, the signal-to-noise ratio (SNR) 
associated with the two states after magnification 
approaches the value measured by the cavity (Fig. 
3D), set by the intrinsic sensitivity of the quantum 
state. Here, SNR is defined as the separation be- 
tween the centroids of the two J, distributions 
divided by the RMS width of their distributions. 

For the mapping to be accurate in this proto- 
col, the magnified J, noise M AJ,(0) should exceed 
the initial J, noise AJ,(0). If we magnify a J,- 
squeezed state that has AJ,(0) = Acgg& and AJ,(0) 
= Acss&' (6': § = 1, € < 0), the final noise becomes 


Ady = [(desst)? + (M Aossé)] (2) 


Setting the fractional noise contribution of the 
second term to 1 - € requires a magnification of 
M, = Qe)" €'/€. This quantity grows unfavorably 
(at least quadratically) with the squeezing factor & 

The unfavorable scaling can be eliminated using 
a noise-refocusing version of the protocol (Fig. 1D), 
which enables, in principle, perfect mapping at a 
chosen magnification. By adding a small rotation 
6 before magnification, the J, noise can be made 
to focus down through the course of magnifica- 
tion. The action of the small rotation is formally 
analogous to that of a lens on a beam of light. 
The final J, noise in this version is 


AJy * [(1 -118)?(Acsst’)? + (Mdcasé)?] (3) 


(23). For 8 = Qo, the initial J, noise becomes the 
sole noise contribution at M = Mp = 1/8. 

We demonstrate the noise-refocusing protocol 
using squeezed spin states with 5 x 10° atoms 
(Fig. 4). The states are generated with the same 
shearing interaction later used for magnification 
CZ, 23). We start with states that are 8-dB squeezed 
in J, and 32-dB antisqueezed in J, (€ ~ 0.4, &' ~ 
40)—the best we can currently achieve without 
measurement-based methods. We apply a small 
microwave rotation 8 about the J, axis, and in- 
vestigate the noise measured at the end of the 
magnification protocol (Fig. 4A). We observe a 
different optimal magnification value for each 0. 
The shown family of model curves (using Eq. 3) is a 
fit to the entire data set with only two free pa- 
rameters, and the small deviations from these 
curves are attributable to slow drifts in the initial 
squeezing level (~1 dB). For the specific example 
of 6 = 29 mrad (Fig. 4B), we explicitly show that 
the optimal magnification M ~ 30 replicates the 
SNR of the initially prepared states. Had we not 
used noise refocusing, the required magnification 
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would have been Moo; ~ 320 (for an infidelity e = 
0.05), which would have started wrapping the 
states around the Bloch sphere. 

In assessing metrological gain obtained from 
spin squeezing, the degree of Bloch vector length 
(coherence) preservation is essential to prevent 
degradation of signal levels. Throughout all state 
preparation and magnification, the coherence of 
the states measured by Ramsey fringe contrasts 
remains above 96%. The small reduction arises 
from residual atom-cavity coupling inhomogeneities. 

If the magnification technique developed here 
is used as the readout stage for the more effective 
measurement-based squeezing methods (12), we 
expect improvements in verifiable squeezing be- 
cause the technique avoids degradation due to 
photon losses in the readout (23). The magnifica- 
tion protocol can be used on any kind of exotic 
initial state to ease characterization. Examples in- 
clude the not yet demonstrated Schrédinger-cat 
spin states (26, 27), where the spacing of inherent 
interference fringes can be magnified, or other states 
that possess negative Wigner functions (J6). Because 
the only required key element is a nonlinear phase 
shift, the method could find broad use in systems 
that use, for example, collisional interactions in 
Bose-Einstein condensates (11, 28, 29), Rydberg 
blockade interactions in neutral atoms (27), Ising 
interactions in ion traps (30), nonlinearities in 
superconducting Josephson junctions, and non- 
linearities in optics. In (23) we describe a photon- 
ic analog of the phase magnification concept using 
self-phase modulation. 
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Allosteric initiation and regulation of 
catalysis with a molecular knot 
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Inigo J. Vitorica-Yrezabal, David A. Leigh* 


Molecular knots occur in DNA, proteins, and other macromolecules. However, the benefits 
that can potentially arise from tying molecules in knots are, for the most part, unclear. 
Here, we report on a synthetic molecular pentafoil knot that allosterically initiates or 
regulates catalyzed chemical reactions by controlling the in situ generation of a 
carbocation formed through the knot-promoted cleavage of a carbon-halogen bond. The 
knot architecture is crucial to this function because it restricts the conformations that the 
molecular chain can adopt and prevents the formation of catalytically inactive species 
upon metal ion binding. Unknotted analogs are not catalytically active. Our results suggest 
that knotting molecules may be a useful strategy for reducing the degrees of freedom 

of flexible chains, enabling them to adopt what are otherwise thermodynamically 


inaccessible functional conformations. 


olecular knots are found in circular DNA 

(d) and approximately 1% of proteins in 

the Protein Data Bank (PDB) (2) and 

form spontaneously in polymer chains of 

sufficient length and flexibility (3). Mol- 
ecules with the topology of some of the simplest 
prime knots have been synthesized (4-13), but, 
although knots are fundamental elements of struc- 
ture, the potential benefits that could arise from 
tying molecules in knots are mostly unclear 
(14-18). Recently, Fe(II) complexes of some syn- 
thetic molecular knots and links were found to 
strongly and selectively bind halide anions (X) 
within their central cavities (19). This binding ac- 
tivity resembles a key feature of dehalogenase 
enzymes, which contain halide binding sites that 
facilitate the cleavage of carbon-halogen bonds 
(20, 21). Here, we show that as little as 1 mole % 
(mol %) of a synthetic molecular pentafoil knot 
can induce Lewis acid-catalyzed reactions by the 
in situ generation of a carbocation by carbon- 
halogen bond scission promoted by CH-::-X” hy- 
drogen bonding and long range metal-cation-:-X™ 
electrostatic interactions. 


School of Chemistry, University of Manchester, Oxford Road, 
Manchester, M13 9PL, UK. 
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We previously reported the synthesis of a mo- 
lecular pentafoil knot [a 5; knot in Alexander- 
Briggs notation (22)], inspired by Lehn’s cyclic 
double helicates (23) but modified so as to be as- 
sembled, and the end groups connected, through 
imine chemistry (24, 25). The knot binds a chlo- 
ride or bromide anion extremely strongly within 
its central cavity (Kq- = 3.6 x 10° M1, Kp, = 1.7 x 
10° M™ in MeCN) through a combination of 
CH:--X hydrogen bonding and long-range Fe 
(ID---X” electrostatic interactions (19). However, 
attempts to remove the metal ions while main- 
taining the pentafoil knot topology proved un- 
successful because of the lability of uncoordinated 
imine bonds (25). We therefore investigated an 
alternative route to a metal-free pentafoil knot 
based on ring-closing olefin metathesis (RCM) of 
a tris(bipyridine) [tris(bipy)] ligand strand (1) that 
had proved successful in the synthesis of a related 
Star of David catenane (26) (Fig. 1). [Detailed ex- 
perimental procedures and full characterization 
data are given in sections S1 and S4: to S8 of the 
supplementary materials (SM).] 

Heating ligand strand 1 with 1.25 equivalents 
(equiv.) of FeCl, in dimethylsulfoxide (DMSO) 
at 60°C resulted in an intensely colored red- 
purple solution indicative of the formation of 
low-spin Fe(II)-tris(bipy) complexes (Fig. 1, step i). 
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After 24 hours, the pentameric 
circular helicate [Fes1;*Cl](PF6)o 
was isolated in 89% yield by pre- 
cipitation with aqueous KPF, 
(Fig. 1, step ii) and characterized 
by proton nuclear magnetic reso- 
nance ((H NMR) spectroscopy 
(Fig. 2B) and electrospray ion- 
ization mass spectrometry (ESI- 
MS) (figs. S48 and S49). The end 
groups of each ligand strand were 
successfully connected to form 
the pentafoil knot [Fe;2°Cl](PF5)o 
by RCM using the Hoveyda-Grubbs 
second-generation catalyst (Fig. 
1, step iii) (27). The 'H NMR spec- 
trum of [Fe;2°Cl](PF¢)5 (Fig. 2C) 
confirms the absence of terminal 
alkene protons (compare pre- 
cursors 1 and [Fe;1;°Cl](PF¢)o 
in Fig. 2, A and B) and also two 
distinct environments for some 
sets of aromatic protons (e.g., H®, 
H’, and H®) as a result of re- 
stricted rotamerization around the 
phenyl-bipyridine bond after RCM. 
Single crystals of [Fe,;2¢Cl] 
(PF6)g were obtained by slow 
evaporation of a solution of the 
knot in a mixture of acetonitrile 
and toluene containing excess 
NaBPh,, and the solid-state struc- 
ture was determined by x-ray 
crystallography (SM, section S8). 
The crystal structure (Fig. 3) con- 
firmed the topology of the mo- 
lecular pentafoil knot as a single 
190-atom loop woven around five 
Fe(II) cations to create the five 
crossing points. As with the 
related imine-pentafoil knot, a 
chloride anion (present despite 
the large excesses of PFg and 
BPh, anions used in the purifi- 
cation and crystallization steps) 
is positioned within the cen- 
tral cavity of the pentafoil knot. 
The chloride ion is displaced by 
~1.47 A from the plane of the 
Fe(II) cations (Fig. 3B) and is 
in close contact with the 10 
electron-poor aromatic CH’ pro- 
tons oriented toward the middle of the cavity 
(CH:--Cl distance, 2.46 to 2.85 A). The remaining 
anions are a ~2:1 mixture of PFg and BPh, . 
Unlike the imine pentafoil knot (24), the metal 
ions (and simultaneously the chloride ion) could be 
removed from [Fe;2¢Cl](PF,), by treatment with 
aqueous tetrasodium ethylenediaminetetraacetate 
(Na,EDTA) solution at 80°C, forming the metal- 
free knotted ligand 2 in 69% yield (Fig. 1, step vi) 
(SM, p. 9). The ‘H NMR spectrum of 2 in CD,CN/ 
CDCl, (3/1 v/v) (Fig. 2D) is relatively broad in com- 
parison with the metallated knot. Molecular 
modeling suggests that 2 does not exist in a 
single well-defined conformation, and the broad- 
ness of the ‘H NMR spectrum is apparently a 
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consequence of reptation [the thermal motion 
of long, entangled polymer chains, which in- 
fluences properties such as the viscous flow of 
amorphous polymers (28)] as the 190-atom-long 
knot backbone slowly slithers through transient- 
ly tightened loops and across over- and under- 
crossings. Despite possessing no elements of 
Euclidean chirality, the metal-free knot 2 is in- 
trinsically chiral by virtue of its topology. The 
enantiomers could be separated by chiral high- 
performance liquid chromatography (HPLC) 
(SM, section S4), and the pentafoil knots of op- 
posite handedness shown to have circular di- 
chroism spectra of equal and opposite shape 
and sign (fig. S22). 


Fig. 1. Assembly of wholly organic pentafoil knot 2 and its reversible metallation with zinc(II) ions to form 
[Zns2](BF4)10- Reagents and conditions: (i) FeCls, dimethylsulfoxide, 60°C, 24 hours; (ii) saturated aqueous KPF¢ solution 
(89% [Fesls*Cl](PFe)o over two steps); (iii) Hoveyda-Grubbs second-generation catalyst, 1,2-dichloroethane/nitromethane 
(1/1), 60°C, 24 hours; (iv) saturated aqueous KPF¢ solution [98% [Fes2*Cl](PFe)9 over two steps]; (v) saturated aqueous 
NH,BF4, then saturated aqueous NH4PF¢ [90% [Fes2](PF¢)10]; (vi) NagEDTA, acetonitrile/water (1/1), 80°C, 4 hours (69% 
2); (vii) Zn(BF4)2, dichloromethane/methanol (3/1), 40°C, 2 hours [98% [Zns52](BF.4)10]; (viii) NagEDTA, acetonitrile/water 
(1/1), room temperature (RT), 3 hours (98% 2). 


The iron-coordinated pentafoil knot binds a 
chloride or bromide ion strongly within its cen- 
tral cavity [Kq- ~2.6 x 10°° M1 (MeCN), Kp,- = 1.4: 
+1.0 x 10° M1 (MeCN)] (SM, section $9). Never- 
theless, the halide anion could be removed while 
leaving the Fe(II) ions in place, forming [Fe;2](PF)1o, 
by treating [Fe;2°Cl](PF6)o or [Fe;2°Br](PF¢)o first 
with saturated aqueous NH,BF,, which exchanges 
the majority of the anions—including the central- 
ly bound halide—for BF, and then saturated aque- 
ous NH,PF¢, which replaces the BF, anions with 
PF, (19) (Fig. 1, step v) (SM, pp. 7 and 8). 

The reaction of tris(bipy) ligand strand 1 with 
divalent transition metal salts other than Fe(II) 
results in linear triple helicates, coordination 
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Fig. 2. Partial "H NMR spectra [600 MHz, 298 K, CD;CN/CDCI; (3/1)]. (A) Ligand 1. (B) Cyclic pentameric helicate [Fes]5*CI](PFe)o. (C) Fe(Il)—pentafoil 
knot [Fes2*Cl](PF.)o. (D) metal-free pentafoil knot 2. (E) Zn(Il)—pentafoil knot [Zn52](BF4)10. The signal assignments correspond to the labeling shown in Fig. 1. 


Signals from residual CHCl; are shown in gray. 


polymers, or complex product mixtures (29). 
Therefore, it might seem that only iron(I)- 
complexed knots are accessible with this system. 
However, treatment of the metal-free pentafoil 
knot 2 with Zn(BF,). in a mixture of CD2Cl.o/ 
CD,OD (3/1) (Fig. 1, step vii), gave an initially 
broad ‘H NMR spectrum (fig. $4) that sharpened 
after two hours at 40°C, indicating rearrange- 
ment to a single molecular species. After workup, 
the formation of the zinc(ID coordinated penta- 
foil knot [Zn;2(BF,)o was confirmed by *H NMR 
spectroscopy (Fig. 2E) and ESI-MS (figs. S57 and 
$58). The restrictions on the chain conformation 
imposed by the topology of 2 prevent formation of 
linear triple helicates [as predominantly occurs 
with 1 and Zn(II) salts] and enable the ligand to 
adopt the higher-energy circular helicate struc- 
ture with zinc(II) ions that is thermodynamically 
inaccessible with 1. Zinc(II) ions typically ex- 
hibit much faster coordination kinetics than low- 
spin iron(II) ions, and the Zn(II)-pentafoil 
knot could be demetallated to reform 2 (Fig. 1, 
step viii) more readily and under milder con- 
ditions than the Fe(I1)-pentafoil knot (Fig. 1, step 
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Fig. 3. X-ray crystal structure of pentafoil 
knot [Fes2°Cl](PF¢)¢(BPh,4)3, Shown as the A°- 
enantiomer [A°-[Fes2°Cl](PF.¢)¢(BPh,)3 is pres- 
ent in equal amounts in the unit cell]. (A) Viewed 
from above the central cavity of the knot. (B) Viewed 
in the plane of the Fe(II) cations. Hydrogen atoms, 
solvent molecules, and anions (except for the cen- 
tral Cl’) are omitted for clarity. The carbon atoms 
of one precursor ligand strand are colored light blue 
and the others light gray. N, dark blue; Fe, purple; 
Cl, green. Fe-Fe distances (A): 8.305(7), 8.241(6), 
8.313(7), 8.389(7), and 8.431(7). Fe-Fe-Fe angles 
(°): 10780(7), 106.86(7), 108.37(7), 108.14(7), and 
108.82(7). CH--Cl distances (A): 2.461, 2.527, 2.539, 
2.553, 2.629, 2.653, 2.669, 2.677, 2.714, and 2.858. 
Hydrogen bond distances were normalized using 
neutron diffraction data. Crystallographic data and 
experimental details of the structural refinement of 
[Fes2°Cl](PF¢)6(BPh,)3 are provided in section S8 
of the SM. 
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Fig. 4. Catalysis using a molecular knot. (A) Catalytic hydrolysis of Ph2CHBr. Reaction conditions: 
Ph2CHBr (2.0 mol, 1 equiv.), wet CD3CN (400 uL), [Zn52](BF4)10 (0.2 umol, 10 mol %), MeOTf (70 pmol, 
35 equiv.), RT, 30 min, 72%. (B) Allosterically initiated catalysis of Michael addition and Diels-Alder 
reactions by in situ generation of a trityl cation via bromide abstraction using Zn(Il)—pentafoil knot [Zns2] 
(BF4)30. Reaction conditions: (i) 2 (0.75 pmol, 1 mol % with respect to 3), Zn(BF4)2 (3.71 umol), CH2Cl2/ 
CH30H (3/1) (400 ul), 40°C, 12 hours [98% [Zns2](BF4)10]. (ii) 0.3 M solution of 3 (0.075 mmol, 1 equiv.), 
4 (0.11 mmol, 1.5 equiv.), or 6 (0.089 mmol, 1.5 equiv.), PhsCBr (3.75 umol, 5 mol %), CH2Cle (250 ul), RT, 
8 hours (98% 5; 82% 7). (iii) NagEDTA(ag) CH3CN/H20 (1/1), rt, 3 hours (quantitative 2). The use of a 
single knot enantiomer did not lead to enantiomeric enrichment of the Michael addition or Diels-Alder 
products (presumably the trity! cation is ion-paired with a BF4 anion rather than remaining asso- 
ciated with the knot). 
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vi). The Zn(II)-pentafoil knot binds a chloride or 
bromide anion within its central cavity approxi- 
mately a tenth as strongly as its Fe(II) counterpart 
[Ka- ~ 2.9 x 10° M7 (MeCN), Ky, = 7.7 + 2.0 x 
10° M! (MeCN) (SM, section $9). 

Substantial recent catalysis research has 
leveraged anion-binding molecules to influ- 
ence reactions by ion pairing (30) or, in some 
cases, promoting carbon-halogen bond cleavage 
(32). Even with the relatively modest anion bind- 
ing affinities of the host molecules generally 
employed to date, the approach has been shown 
to be effective across a range of reaction types 
(31). The empty-cavity metallated pentafoil knots 
are among the strongest noncovalent binding 
synthetic hosts of Cl and Br known, readily 
sequestering traces of Cl from the environment, 
including solvents and glassware. We wondered 
whether such a strong halide binder might be 
able to carry out reactions that have tradition- 
ally been the preserve of halophilic silver salts. 
We envisaged that the knot might be able to 
promote the formation of carbocations by sta- 
bilizing the Br” counteranion formed by hetero- 
lytic carbon-bromine bond cleavage reactions. 

We found that bromide ions bound within the 
cavities of either [Fe;2e¢Br](PF,), or [Zn;2¢Br]|(BF4)9 
react with methyl triflate to form bromomethane 
gas and the empty knots [Fe;2](PF.)9OTf and 
[Zn;2](BF,),OTf, respectively (SM, section S2.1). 
This reaction could be used to recycle the halide- 
binding cavity of the knot in situ—for example, 
using the Zn(ID-pentafoil knot as a catalyst for 
the hydrolysis of bromodiphenylmethane (PhyCHBr) 
(Fig. 4A and SM, section $2.2). MeOTf does not 
promote the hydrolysis reaction in the absence of 
the knot. Other nucleophiles (e.g., MeCN) also 
react efficiently with the catalytically generated 
benzhydryl (PhCH”) carbocation (SM, section $2.3). 

In addition to acting as a catalyst in its own 
right, the metal-coordinated pentafoil knot could 
be used to generate other catalytic species, such 
as Lewis acidic trityl carbocations, through anion 
abstraction (Fig. 4B). The Michael addition 
and Diels-Alder reactions of acrolein (3) with 2- 
acetylcyclopentanone (4) and cyclohexadiene (6), 
respectively (Fig. 4B and tables S1 and $2), can 
each be promoted by Lewis acidic carbocations 
(32, 33). We confirmed that neither of these re- 
actions occurs in the absence of trityl bromide 
(tables S1 and S2, entry 1) and proceed only 
slowly in the presence of trityl bromide alone 
(tables S1 and 82, entry 2). The addition of Fe(II) 
(bipy)s, the basic metal coordination unit of the 
knot, does not increase the reaction rate above 
the background level (tables S1 and S2, entries 3 
and 4), nor does the addition of the tris(bipy) lig- 
and strand 1, even in the presence of FeCl, (any 
pentameric circular helicate formed would have 
a Cl anion already strongly bound to the halide 
binding site) (tables S1 and S2, entry 5). Neither 
the Fe(ID- nor Zn(II)-pentafoil knots {[Fe;2](PF6)10 
and [Zn;2](BF,),o} lead to catalysis of the reactions 
in the absence of trityl bromide (tables S1 and S2, 
entries 11 and 14). However, in the presence of 
trityl bromide, both [Fe;2](PF¢); (tables S1 and 
82, entry 13) and [Zn;2](BF,),9 (tables S1 and S2, 
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entry 15) initiate catalysis of the reactions, effec- 
tively affording the endo-Diels-Alder (7) adduct 
in 62% [Fe(II)-knot] and 82% [Zn(ID-knot] and 
Michael adduct (5) in 83% [Fe(II)-knot] and 98% 
[Zn(1I)-knot] yields, respectively (figs. S6 to S9). 

Further evidence that the catalysis arises from 
in situ formation of the trityl cation by abstraction 
of a bromide anion into the knot cavity was pro- 
vided by treating a solution of trityl bromide with 
[Fe;2](PF¢)10. Ultraviolet-visible spectroscopy con- 
firmed the presence of the trityl carbocation (fig. 
S14), showing its characteristic twin absorption 
features at ) = 425 and 405 nm, while 'H NMR 
spectroscopy and mass spectrometry confirmed 
the contemporaneous formation of [Fe;2°Br](PF¢)o. 
In contrast, treating trityl bromide with the de- 
metallated form of pentafoil knot 2 did not gen- 
erate the carbocation (fig. S20), and no catalysis 
was observed upon the addition of 3 and 4 or 6 
(tables S1 and S82, entry 12). 

The binding of one type of molecular species 
(an effector) to induce structural change and alter 
binding or catalysis at a second site—allosteric 
regulation—is a central part of the enzyme feed- 
back loops biology uses to maintain homeostasis 
(34). Allosteric control of Friedel-Crafts reactions 
has previously been demonstrated by a synthetic 
catalyst using coordination control of hydrogen 
bonding sites (35). However, treating the metal- 
free knot 2 with iron(II) salts led to broad 'H 
NMR spectra and complex product mixtures rath- 
er than simple reformation of [Fe;2], even under 
forcing conditions (figs. S2 and S3). The kinetics of 
bipy exchange at low-spin iron(II) centers is ap- 
parently too slow, given the number of inter- 
mediates and alternative unproductive pathways, 
for folding of the knot to the highly ordered five- 
fold symmetrical form to proceed within a useful 
time frame. In contrast, the fast and reversible 
coordination kinetics of zinc(II] ions allowed for 
allosteric initiation of the knot-promoted cataly- 
sis under mild conditions (Fig. 4B). Treating the 
metal-free knot 2 (inactive form) with Zn(BF,)o 
in CD,Cl,/CD3OD (3/1) at 40°C for up to 12 hours 
[depending on the amount of Zn(BF,)2 employed] 
smoothly generated the halide binding Zn(II)- 
pentafoil knot [Zn52](BF4)io (Fig. 4B, step i) (fig. 
85). Addition of a 0.3-M solution of trityl bromide 
(5 mol %), and reagents 3 and & or 6, formed 
products 5 or 7 in excellent yield (98 and 82%, 
respectively) (Fig. 4B, step ii) over 8 hours, together 
with a fine suspension of [Zn;2¢Br](BF,)o (figs. 
$37 and S61). Filtration and washing with an 
aqueous solution of Na,EDTA (Fig. 4B, step iii) 
quantitatively regenerated the demetallated knot, 2. 

Our results suggest that tying molecules in 
knots may prove to be a useful strategy for re- 
ducing the degrees of freedom of flexible macro- 
cycles and chains, enabling them to adopt otherwise 
thermodynamically inaccessible conformations 
that can perform useful tasks. By analogy, it may 
be that one biological role of knotting is to pre- 
vent protein chains from adopting low energy, but 
inactive, folded states. The formation of a binding 
site by the organization of a long molecular strand 
by allosteric metal ion binding is also reminiscent 
of proteins. The use of a strongly halophilic, and 


SCIENCE sciencemag.org 


chiral, metal-coordinated knot to promote the 
cleavage of carbon-halogen bonds may bring ad- 
vantages of chemo- and stereoselectivity in chem- 
ical reactions traditionally promoted by silver salts. 
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DISTANT GALAXIES 


Detection of an oxygen emission line 
from a high-redshift galaxy in the 


reionization epoch 


Akio K. Inoue,!* Yoichi Tamura,” Hiroshi Matsuo,”* Ken Mawatari,' Ikkoh Shimizu,” 
Takatoshi Shibuya,® Kazuaki Ota,”® Naoki Yoshida,®’° Erik Zackrisson,™ 

Nobunari Kashikawa,”* Kotaro Kohno,” Hideki Umehata,””’” Bunyo Hatsukade,” 
Masanori Iye,* Yuichi Matsuda,”** Takashi Okamoto,’ Yuki Yamaguchi” 


The physical properties and elemental abundances of the interstellar medium in galaxies during 
cosmic reionization are important for understanding the role of galaxies in this process. We report the 
Atacama Large Millimeter/submillimeter Array detection of an oxygen emission line at a wavelength of 
88 micrometers from a galaxy at an epoch about 700 million years after the Big Bang. The oxygen 
abundance of this galaxy is estimated at about one-tenth that of the Sun. The nondetection of far- 
infrared continuum emission indicates a deficiency of interstellar dust in the galaxy. A carbon emission 
line at a wavelength of 158 micrometers is also not detected, implying an unusually small amount of 
neutral gas. These properties might allow ionizing photons to escape into the intergalactic medium. 


he physical and chemical conditions of the 
interstellar medium (ISM) in galaxies can 
be revealed with forbidden atomic emis- 
sion lines from the warm-phase ISM, such 
as ionized hydrogen (H 1) regions and 


photodissociation regions (PDRs). A far-infrared 
(FIR) forbidden emission line, the [C m] 158-um 
line predominantly coming from PDRs, has al- 
ready been detected in many high-z objects (J, 2). 
Recent observations with the Atacama Large 
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Millimeter/submillimeter Array (ALMA) have 
revealed the [C um] line emission from young 
star-forming galaxies emitting a strong hydrogen 
Lya line, so-called Lyo emitters (LAEs), at red- 
shift zg ~ 5 to 6 (3, 4). However, ALMA obser- 
vations have also shown that LAEs at z > 6 have 
at least an order of magnitude lower luminosity 
of the [C 1] line than that expected from their 
star formation rate (SFR) (4-7), suggesting un- 
usual ISM conditions in these high-z LAEs (8). 
Herschel observations of nearby dwarf gal- 
axies, on the other hand, have revealed that a 
forbidden oxygen line, [O m] 88 um, is much 
stronger than the [C 1] line in these chemically 
unevolved galaxies (9-11). The Infrared Space 
Observatory and the Japanese infrared astrono- 
mical satellite AKARI have detected the [O m] line 
from the Large Magellanic Cloud and from many 
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nearby galaxies (12, 13). However, the [O mr] line 
has rarely been discussed in a high-z context, 
because of the lack of instruments suitable to 
observe the redshifted line. Only a few detections 
from gravitationally lensed dusty starburst gal- 
axies with active galactic nuclei at z ~ 3 to 4 have 
been reported (74, 15) prior to ALMA. On the 
other hand, simulations predict that ALMA will 
be able to detect the [O m] line from star-forming 
galaxies with reasonable integration time even at 
2>8 (16). 

To examine the [O m] 88-um line in high-z 
LAEs, we performed ALMA observations of an 
LAE at 2 = 7.2, SXDF-NB1006-2, discovered with 
the Subaru Telescope (77). We have also obtained 
ALMA data of the [C 1] 158-um line of this galaxy. 
[The observations and the data reduction are 
described in (78).] The [O mr] line is detected with 
a significance of 5.30 (Fig. 1A), and the obtained 
line flux is 6.2 x 107! W m®°; the corresponding 
luminosity is 3.8 x 10° W (Table 1). The [C J line 
is not detected at the position of the [O m] em- 
ission line, and we take the 30 upper limit for the 
[C J line flux as <5.3 x 10°? W m 7. However, we 
note a marginal signal (3.50) that displays a spa- 
tial offset (= 0.4” ~ 2 kpc in the proper distance) 
from the [O 1m] emission (fig. S4). The continuum 
is not detected in either of the ALMA bands, 
resulting in a 30 upper limit of the total IR lum- 
inosity of <2.9 x 10°” W when assuming a dust 
temperature of 40 K and an emissivity index of 1.5. 

The spatial distribution of the ALMA [O mm] 
emission overlaps with that of the Subaru Lya 
emission (Fig. 1A), as expected because both 
emission lines are produced in the same ionized 
gas. On the other hand, the Lyoa emission is well 
resolved (the image resolution is 0.4”) and spa- 
tially more extended than the [O mJ line. This is 
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Fig. 1. [O 11] 88-1m and Lya emission images and spectra of SXDF-NB1006-2. (A) The ALMA [0 111] 
88-um image (contours) overlaid on the Subaru narrow-band Lya image (offsets from the position listed in 
Table 1). Contours are drawn at (—2, 2, 3, 4, 5) x 6, where o = 0.0636 Jy beam™ km s71. Negative contours 
are shown by the dotted line. The ellipse at lower left represents the synthesized beam size of ALMA. 
(B) The ALMA [0 w] 88-um spectrum with resolution of 20 km s™ at the intensity peak position shown 
against the relative velocity with respect to the redshift z = 7.2120 (blue dashed line). The best-fit Gaussian 
profile for the [O 1] line is overlaid. The RMS noise level is shown by the dotted line. (C) The Lya spectrum 
(17) shown as a function of the relative velocity compared to the [O 1] 88-um line. The flux density is 
normalized by a unit of 1O~® erg s*t cm™? A The sky level on an arbitrary scale is shown by the dotted line. 
The velocity intervals where Earth's atmospheric lines severely contaminate the spectrum are flagged 
(hatched boxes). The Lya line shows a velocity shift Av = +110 kms + relative to the [O 11] line (red dashed line). 
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because Lyo photons suffer from resonant scat- 
tering by neutral hydrogen atoms in the gas 
surrounding the galaxy. The systemic redshift of 
the galaxy is estimated at z = 7.2120 + 0.0003 
from the [O m] emission line at an observed 
wavelength of 725.603 um. The Lya line is lo- 
cated at Avjy, = +1.1 (£0.3) x 10” km s™ relative 
to the systemic redshift (Fig. 1C and fig. S6). This 
velocity offset, caused by scattering of neutral 
hydrogen, is relatively small by comparison to 
those observed in galaxies at z ~ 2 to 3 (Avzya ~ 
300 km s°), given the ultraviolet (UV) absolute 
magnitude of this galaxy (Mpy = —-21.53 magAB) 
(19-21). The observed small Avy y,, of SXDF-NB1006- 
2 may indicate an H 1 column density of My , < 
10°° cm™ (21, 22). SXDF-NB1006-2 is in the 
reionization era where only the intergalactic 
medium (IGM) with a high hydrogen neutral 
fraction may cause an observation of Avjya * 
+100 km s“ (23), implying an even smaller H 1 
column density in the ISM of this galaxy. 

We performed spectral energy distribution 
(SED) modeling to derive physical quantities such 
as the SFR of SXDF-NB1006-2 (Table 1). In addi- 
tion to broadband photometric data from the 
United Kingdom Infra-Red Telescope (UKIRT) 
J, H, and K bands, Spitzer 3.6-um and 4.5-um 
bands, and Subaru narrowband photometry 
NB1006 (table S3), we have also used the [O m1] 
line flux and the IR luminosity as constraints 
(Fig. 2) (8). The extremely blue rest-frame UV 
color of this galaxy [slope B < —2.6 (30) estimated 
from J — H, where the flux density F,, « Nal gives 
an age of ~1 million years for the ongoing star 
formation episode. The nondetection of the dust 
IR emission suggests little dust and hence neg- 
ligible attenuation. The observed strong [O m] 
line flux favors an oxygen abundance of 5% to 
100% that of the Sun, but rejects 2% and 200% of 
the solar abundance at >95% confidence. The 
obtained oxygen abundance is similar to those 
estimated in galaxies at z ~ 6 to 7, for which UV 
Cm] and C w emission lines were detected (24, 25). 
Because ~1 million years is insufficient to produce 
the inferred oxygen abundance, the galaxy must 
have had previous star formation episodes. There- 
fore, the derived stellar mass of ~300 million solar 
masses is regarded as a lower limit. We obtain a 
~50% escape fraction of hydrogen-ionizing pho- 
tons to the IGM in the best-fit model. Such a high 
escape fraction, although still uncertain, may 
imply a low H 1 column density of ~10" cm? 
(26) or porous structure in the ISM of the galaxy. 

The [O m]/far-UV luminosity ratio of SXDF- 
NB1006-2 is similar to those of nearby dwarf 
galaxies with an oxygen abundance of 10% to 
60% that of the Sun (Fig. 3A), which suggests 
that the oxygen abundance estimated from the 
SED modeling is reasonable and chemical en- 
richment in this young galaxy has already pro- 
ceeded. On the other hand, the dust IR continuum 
and the [C 1] line of SXDF-NB1006-2 are very weak 
relative to those of the nearby dwarf galaxies 
(Fig. 3, B and C). The galaxies at z ~ 3 to 4, from 
which the [O m1] line was detected previously, are 
IR luminous dusty ones (74, 15). Their [O m]/IR 
and [O m]/[C m] luminosity ratios are similar to 
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those of nearby spiral galaxies (10) and are at 
least one order of magnitude smaller than those 
of SXDF-NB1006-2. The high [O m]/IR ratio of 
SXDF-NB1006-2, despite a degree of chemical 
enrichment (or so-called metallicity) similar to 
that of the nearby dwarf galaxies, indicates a very 
small mass fraction of dust in elements heavier 
than helium (or dust-to-metal mass ratio) in 
SXDF-NB1006-2. The dust deficiency of this galaxy 
is in contrast to the discovery of a dusty galaxy at 
& = 75 (27), suggesting a diversity of the dust 
content in the reionization epoch. Because the [C 1] 
line predominantly arises in gas where hydrogen 
is neutral, the nondetection of the [C m] line in 
SXDF-NB1006-2 suggests that this young galaxy 
has little H 1 gas. 

We also compared the observed properties of 
SXDF-NB1006-2 with the galaxies at z = 7.2 ina 
cosmological hydrodynamic simulation of galaxy 
formation and evolution (78). This simulation 
yielded several galaxies with a UV luminosity sim- 
ilar to that of SXDF-NB1006-2 (fig. S10). Relative 
to these simulated galaxies, SXDF-NB1006-2 has 
the highest [O m1] line luminosity, a similar oxy- 
gen abundance, and a lower dust IR luminosity 
by at least a factor of 2 to 3. This indicates a 
factor of >2 to 3 smaller dust-to-metal mass ratio 
within the ISM of SXDF-NB1006-2 relative to 
that in the simulated galaxies, where we assumed 
the dust-to-metal mass ratio of 50% as in the Milky 
Way ISM (28). Therefore, the dust-to-metal ratio of 
SXDF-NB1006-2 is implied to be <20%. The dust- 
to-metal ratio is determined by two processes: (i) 
dust growth by accretion of atoms and molecules 
onto the existing grains in cold dense clouds, and 
Gi) dust destruction by supernova (SN) shock 
waves consequent upon star formation (28). The 
dust-poor nature of SXDF-NB1006-2 may be 
explained by rapid dust destruction due to its 
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high SN rate or by slow accretion growth due to a 
lack of cold dense clouds in the ISM. 

In the context of cosmic reionization studies, 
the most uncertain parameter is the product of 
the escape fraction of ionizing photons and the 
emission efficiency of these photons, fescEion (29). 
From the SED modeling, we have obtained logio 


Fig. 2. Spectral energy distribution of SXDF- 
NB1006-2. (A) Thumbnail images (4” = 4”; north 
is up, east is to the left) in the Subaru/Suprime-Cam 
z’, NB1006, UKIRT/WFCAM J, H, and K bands, and 
Spitzer/IRAC 3.6-um and 4.5-um bands, from left 
to right. (B) Near-infrared photometric data with 
the best-fit model. The bottom horizontal axis shows 
the wavelength in the observer's rest frame; the 
upper axis shows the wavelength in the source rest 
frame. The observations are marked by the circles. 
The horizontal error bars show the wavelength 
range of the band filters. The vertical error bars for 
detection bands represent +lo photometric uncer- 
tainties; the downward arrows for nondetections 
represent the 3o upper limits. The z’ point in gray is 
not used for the model fit. The best-fit model spec- 
trum is shown by the solid green line, and the corre- 
sponding magnitudes through the filters are indicated 
by asterisks. (C) The observed flux with the +16 un- 
certainty of the [O 1] line and the best-fit model 
prediction (asterisk). (D) The 3c upper limit on the 
total infrared luminosity with a dust temperature of 
40 K and an emissivity index of 1.5. Also shown is the 
best-fit model prediction (asterisk; zero IR luminosity 
due to absence of dust in the best-fit model). 


Fig. 3. Comparisons of SXDF-NB1006-2 and 
other galaxies detected in the [O m] line. The 
horizontal axis represents the oxygen abundance 
relative to the Sun on a logarithmic scale: [O/H] = 
logio(No/Ny) — logio(No/Ny)o, where No and ny are 
the number density of oxygen and hydrogen atoms, 
respectively, and the solar abundance is assumed 
to be 12 + logig(No/Ny)o = 8.69 (30). Circles with 
error bars represent data of nearby dwarf galaxies 
(9-11); inverted triangles with error bars are 
averages of nearby spiral galaxies (13). The arrows 
at the right-side axis show luminosity ratios of dusty 
galaxies at z ~ 3 to 4 whose oxygen abundances 
have not yet been measured (10, 14, 15). Data 
from SXDF-NB1006-2 are shown as five-pointed 
stars with error bars. (A) The [O u]/far-UV (FUV) 
uminosity ratio. The FUV luminosity is vL, at about 
1500 A in the source rest frame. (B) The [O u']/total 
infrared (IR) luminosity ratio. The IR wavelength 
range is 8 to 1000 um in the source rest frame. 
Because the IR continuum of SXDF-NB1006-2 is 
not detected, we show a 36 lower limit with a dust 
temperature of 40 K and an emissivity index of 
1.5. (C) The [0 m]J/[C i] luminosity ratio. Because 
the [C 1] 158-um line of SXDF-NB1006-2 is not 
detected, we show a 3c lower limit. 


DoseCion(Hz ergy] = 25.44.°93° for SXDF-NB1006- 
2 (18). This ionizing photon emission efficiency is 
strong enough to reach (or even exceed) the cos- 
mic ionizing photon emissivity at z ~ 7 estimated 
from various observational constraints on reioniza- 
tion (29) by an accumulation of galaxies that have 
already been detected (Myy < —17), although this 
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Na a 
Table 1. A summary of the observed and estimated properties of SXDF-NB1006-2. 


Right ascension (J2000) 
e 
Redshift of [O 1] 88-um line 


2'1856.5368 (+0.0025) 


7.2120 + 0.0003 


Stellar mass (logio Mo) Tt 


+0.17 


0.54054 


+0.79 


8.54-0.22 


*Assuming a concordance cosmology with present-day Hubble parameter Ho = 70 km s+ Mpc], density 
parameter of matter Quy = 0.3, and density parameter of the cosmological constant Q, = 0.7, tM. represents the 


solar mass (1.989 x 10°° kg). 


does not rule out contributions of fainter, currently 
undetected galaxies to the ionizing emissivity. The 
ISM properties of SXDF-NB1006-2, with little dust 
and H 1 gas, may make this galaxy a prototypical 
example of a source of cosmic reionization. 
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QUANTUM INFORMATION 


Single-qubit gates based on targeted 
phase shifts in a 3D neutral atom array 


Yang Wang, Aishwarya Kumar, Tsung-Yao Wu, David S. Weiss* 


Although the quality of individual quantum bits (qubits) and quantum gates has been 
steadily improving, the number of qubits in a single system has increased quite slowly. 
Here, we demonstrate arbitrary single-qubit gates based on targeted phase shifts, an 
approach that can be applied to atom, ion, or other atom-like systems. These gates are 
highly insensitive to addressing beam imperfections and have little cross-talk, allowing for 
a dramatic scaling up of qubit number. We have performed gates in series on 48 individually 
targeted sites in a 40% full 5 by 5 by 5 three-dimensional array created by an optical 
lattice. Using randomized benchmarking, we demonstrate an average gate fidelity of 
0.9962(16), with an average cross-talk fidelity of 0.9979(2) (numbers in parentheses 
indicate the one standard deviation uncertainty in the final digits). 


he performance of isolated quantum gates 
has recently been improved for several 
types of qubits, including trapped ions (/-3), 
Josephson junctions (4), quantum dots (5), 
and neutral atoms (6). Single-qubit gate er- 
rors now approach or, in the case of ions, surpass 
the commonly accepted error threshold (error per 
gate < 10“) (7, 8) for fault-tolerant quantum com- 
putation (9-72). It remains a challenge in all these 
systems to execute targeted gates on many qubits 
in close physical proximity to one another with 
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fidelities comparable with those for isolated qubits 
(13, 14). Neutral atom and ion experiments have 
to date demonstrated the most qubits in the same 
system, 50 and 18 respectively (15, 17). The highest- 
fidelity gates in these systems are based on mi- 
crowave transitions, but addressing schemes 
typically depend on either addressing light beams 
(6, 15, 18-20), which are difficult to make as stable 
as microwaves, or magnetic field gradients (2, 27), 
which limit the number of addressed qubits. Here, 
we present a way to induce phase shifts on atoms 
at targeted sites in a 5 by 5 by 5 optical lattice 
that is highly insensitive to addressing laser beam 
fluctuations. We further show how to convert tar- 
geted phase shifts into arbitrary single-qubit gates. 
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In previous work, we performed single-site 
addressing in a three-dimensional (3D) lattice 
using crossed laser beams, to selectively induce 
ac Stark shifts in target atoms, and microwaves, 
to temporarily map quantum states from a field- 
insensitive storage basis to the Stark-shifted com- 
putational basis (75). Although we used most of 
the same physical elements in this work, the 
crucial difference is that the gates described here 
are based on phase shifts in the storage basis and 
do not require transitions out of it. Nonresonant 
microwaves are applied that give opposite-sign ac 
Zeeman shifts (analogous to ac Stark shifts, but 
for magnetic dipole transitions) for different atoms. 
A specific series of nonresonant pulses and glob- 
al x-pulses on the qubit transition gives a zero 
net phase shift for nontarget atoms and a con- 
trollable net phase shift for target atoms. The 
resultant gate fidelity is much better than our 
previous gate because of this gate’s extreme in- 
sensitivity to the addressing beam alignment and 
power, the insensitivity of the storage basis to 
magnetic fields and vector light shifts, and the 
independence on the phase of the nonresonant 
microwave pulses. 

Detailed descriptions of our apparatus can be 
found in (15, 22, 23). We optically trapped and 
reliably imaged neutral Cs atoms in a 5-um 
spaced cubic optical lattice. The atoms were 
cooled to ~70% ground vibrational state occu- 
pancy and then microwave transferred into the 
qubit basis, the 61/5, |3, 0), and |4, 0) hyperfine 
sublevels, which we will call |1) and |0), respec- 
tively. Lattice light spontaneous emission is 
the largest source of decoherence, with a 7 s 
coherence time (T;) that is much longer than 
the typical microwave pulse time of 80 us, which 
could be shortened with more microwave inten- 
sity. We detected the qubit states by clearing 
atoms in the |4, 0) states and imaging the |3, 0) 
atoms that remain. 

To target an atom, we crossed at a right angle two 
circularly polarized, 880.250-nm addressing 
beams (beam waist, ~2.7 um; Rayleigh range, 
~26 um). The addressing beams can be directed 
to a new target in <5 us by using micro-electro- 
mechanical-system (MEMS) mirrors (24). The 
addressing beams induce only a modest ac Stark 
shift on the mg = 0 qubit states (~400 Hz), but 
they cause a vector light shift on the m; = 0 
levels. The vector light shifts are about twice as 
large for the target atom as for any other. This 
is illustrated in Fig. 1A, for which atoms are pre- 
pared in |4,0) and a microwave near the |3, 1) 
transition is scanned. The resonances are visible 
for atoms at the intersection (orange, termed 
“cross” atoms), atoms in one addressing beam 
path (blue, termed “line” atoms), and the rest 
of the atoms (green, termed “spectator” atoms). 
The ac Stark shift for the line atoms, f, was chosen 
so that there is a region between the blue and 
orange peaks in which only a small fraction 
(2 x 10“) of atoms in any class (cross, line, or 
spectator) makes the transition. When a micro- 
wave pulse is applied in that frequency range, 
atoms experience different ac Zeeman shifts 
depending on their class. 
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Fig. 1. Addressing spectrum, phase shift, and timing sequence. (A) Spectra of the |4,0)->|3,1) 
transition. We plot the ratio R of the number of detected F = 3 atoms to the initial number of atoms as a function of 
the phase-shifting microwave detuning from the non—ac-Stark—shifted resonance. There is a 570-mG bias field at 
45° to the addressing beam axes. The green diamonds indicate spectators, the blue triangles indicate line atoms, 
and the orange circles indicate cross atoms. The solid lines are fits to Gaussians. The resonance frequencies of line 
atoms and cross atoms are marked by f and kf. (B) Exact calculation of the cumulative phase shift (target) on a 
target atom as a function of the microwave detuning from the unshifted resonance. The optimum operation point 
is marked by 9. Transitions out of the qubit basis are ignored. At So, these occur less than 2 x 10~ of the times. 
(C) Addressing pulse sequence. (Top row) Blackman-profiled (to minimize off-resonant transitions) (35) 
microwave pulse sequence. The black pulses (80 kts) are resonant on the |O) to |1) transition and affect all 
atoms; the narrower pulses are 2/2 rotations, which first create and then measure superpositions, and 
the wider pulses are x rotations, which give spin echoes. The purple pulses (120 us) are addressing pulses 
detuned from the |4(3),0) to |3(4),1) transitions by 89. (Second row from top) The addressing light 
intensity. The addressing light barely affects the trapping potential, so a linear ramp is optimal. It is 
effectively at full power for 252 us. (Bottom two rows) Schematic of addressing beams in two planes. The 


atom color codes are as in (A). 


Fig. 2. Interference fringe of one R(x/2) 
phase gate. The gate is applied to a succes- 
sion of 48 randomly chosen sites (in pairs) in 
each implementation, and the data show 
averages over 10 implementations. The solid 
circles correspond to the target atoms, and the 
open diamonds correspond to nontarget 
atoms. Solid lines are fits to data. Dashed lines 
mark the maximum and minimum possible 
populations. After all these gates, the net 
fidelity F* for target atoms is 0.94(3), and for 
the nontarget atoms it is 0.94(2). The average 
error per gate for both target and nontarget 
atoms is 13(7) x 10~*. 


The addressing pulse sequence for a pair of tar- 
get atoms in two planes (Fig. 1C) consists of four 
stages (15). The qubit-resonant spin-echo pulses 
(Fig. 1C, black pulses on the microwave line) reverse 
the sign of the phase shifts, so that whatever phase 
shifts (ac Zeeman or ac Stark) a nontarget atom 
gets during the cross stages (Fig. 1C, stages 1 and 3) 
are exactly canceled by the shifts it gets during 
the dummy stages (Fig. 1C, stages 2 and 4), in 
which there is no cross atom. In contrast, the 
first target atom spends stage 1 as a cross, stage 
3 as a spectator, and stages 2 and 4.as a line atom, 
and the second target atom spends stage 3 as a 
cross and stage 1 as a spectator. When the 
microwave frequency is chosen to be between 
the line and cross resonances, the change in the 
target atom’s status from cross to line changes 


Phase 


the sign of the ac Zeeman shift. Away from the 
resonances, the net phase shift for the target 
atoms is 


OT OT OT OT 
Orarget = = ~ ( 1 ) 
s-kf 5-f 8 8-f 


where 6 is the microwave detuning from the spec- 
tator resonance, * is the shift of cross atoms in units 
of f (16), Q (typically 4 kHz) is the microwave Rabi 
frequency, and Tis the pulse duration. Successive 
terms correspond to the integrated ac Zeeman shift 
on the first target atom during successive stages. 
The overall phase shift can be directly controlled 
by changing the power of the microwave field. The 
black curve in Fig. 1B shows the result of an exact 
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Fig. 3. R,(x) gates performed in a specific pattern. “1” to “5” are fluorescent images of five successive 
planes. Each image is the sum of 50 implementations. For clarity, the contrast is enhanced by using the 
same set of dark/bright thresholds on all pictures to account for the shot noise. There are no targeted sites 
in planes 2 and 4; the light collected there is from atoms in the adjacent planes. (Bottom right) Illustration 
marking the targeted sites in blue and the untargeted sites in green, with plane shading and blue lines to 


guide the eye. 


Fig. 4. Semi-log plot of fidelity from a ran- 
domized benchmarking sequence. We plot 
the probability of returning the two target atoms 
to |1) after a randomized benchmarking se- 
quence versus the sequence length. At each 
length, we use three randomized CG sequences, 
each of which is combined with three sets 
of randomized PG sequences, for a total of 
nine points. Each data point is averaged over 
~100 implementations. A least squares fit 
using the dip = 0.1128(68) determined from 
the auxiliary RB measurement on nontarget 
atoms gives €2; = (55 + 16) x 10+ (16). 
(Inset) Fidelity of an R(n/2) gate as a function 
of the fractional change of the addressing ac 
Stark shift. The points are experimental 
data, and the curve is from the exact calculation. 


calculation of the target atom’s phase shift as a func- 
tion of 5. The phase shift minimum at 59 = 74.9 kHz 
is the preferred operating point for the gate be- 
cause in the vicinity of 59, the shift depends qua- 
dratically on the change in 6 and thus also on the 
addressing beams, ac Stark shift, with the coeffi- 
cient of 21 rad/(Af/f)”. For example, a 2% change 
in f gives an 8-mrad phase shift, which in turn 
leads to only a 1 x 10“ gate error. Because the 
intensity changes quadratically with beam align- 
ment, the gate is sensitive to beam-pointing only at 
fourth order. 

The phase shift on target sites amounts to a 
rotation about the z axis [an R,(0) gate], but a 
universal single-qubit gate requires arbitrary ro- 
tations about any arbitrary axis. We can make an 
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R,(®) gate by combining the R{8) gate with global 
R, (+8) rotations 


R,(@) = Re(-Z)Re(@)Re(5) (2) 


For nontarget atoms, which see the global micro- 
wave pulses but experience no R.(8), Re (— 2)Re (2) 
clearly has no net effect. It is straightforward to 
generalize this formula to obtain arbitrary rota- 
tions on a Bloch sphere for target atoms. The 
corresponding complete set of single-qubit gates 
on target atoms all leave the nontarget atoms 
unchanged. 

We have demonstrated one R,(1/2) gate on a 
sequence of 48 randomly chosen sites (in 24 gate 
pairs) within a 5 by 5 by 5 array. Given the average 


initial site occupancy of ~40%, an average of 
20 qubits experience the phase gate during each 
implementation, whereas 30 remain in their orig- 
inal quantum superposition. We probed the co- 
herence of all the atoms by closing the spin echo 
sequence with a global 2/2 pulse whose phase we 
scanned (Fig. 2). In Fig. 2, the open diamonds in- 
dicate nontarget atoms, and the solid circles indi- 
cate atoms at the 48 target sites. The corresponding 
curves are sinusoidal fits to the data. The dashed 
lines mark the maximum and minimum pop- 
ulations one expects given perfect gate fidelity, 
F°, defined as the square of the projection of the 
measured state onto the intended state, in the face 
of state preparation and measurement (SPAM) 
errors (J6). From these curves, we determined 
that the error per gate pair, €5, is 25(13) x 10~* for 
both target and nontarget atoms on average (num- 
bers in parentheses indicate the 1 SD uncertainty 
in the final digits). At least for this particular gate, 
most of the error is clearly common to target and 
nontarget atoms. The good contrast of the target 
atom fringe illustrates the homogeneity of the 
phase shifts across the ensemble. The error per 
gate, €, is thus 13(7) x 10* on average. 

To graphically illustrate the flexibility of our 
gates, we have performed an R(x) rotation on a 
32-site pattern (Fig. 3). We rotated the super- 
positions of a sequence of pairs of target atoms 
from (10) + |1)) to J (0)-|1)) and then used 
a n/2 detection pulse, phase-shifted by x, to 
return spectator atoms to |0) and target atoms to 
|1). Images from five planes summed over 50 
implementations are shown in Fig. 3. 

To confirm the robustness of this gate, we 
applied an R,(n/2) gate to 24 targets and mea- 
sured the probability that atoms return to |1) 
after a 1/2 pulse as a function of the fractional 
change in addressing beam intensity (Fig. 4, inset) 
(6). The data confirm the theoretical prediction 
(solid line) of extreme insensitivity to addressing 
beam intensity (Fig. 1B). 

To fully characterize gate performance, we used 
the standard randomized benchmarking (RB) pro- 
tocol (25), which has been used in nuclear mag- 
netic resonance (26), quantum dots (5), ion systems 
(27), and neutral atoms systems (6, 28, 29). We 
implemented RB by choosing computation gates 
(CG) at random from { Rz (+3), Ry (+3) } and Pauli 
gates (PG) at random from {R,(+n), R,(+n), R{+n), 
TI}, where J is the identity operation (30). After 
each randomized sequence, a detection gate is 
applied that in the absence of errors would re- 
turn either the target qubits or the nontarget 
qubits to |1). For the targets, the average value of 
F? decays exponentially with the length of the 
randomized sequence 


(1-dy)(1-2€)' (3) 


where dj/2 is the SPAM error and / is the number 
of CG-PG operations applied to the pair of target 
atoms. A similar expression yields €), and €9; for 
the spectator and line atoms, respectively—the un- 
wanted changes wrought on the nontarget atoms 
when a random series of gates is executed on the 
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targets. In this way, we can characterize cross-talk 
and extract errors per gate from errors per gate pair. 
For target atoms, €; = €o;—€;; for spectator atoms, 
Es = Ens /2; and for line atoms, €; = E9-Es. 
First analyzing the nontarget data (fig. S2), 
we determined that dj-= 0.11(1), €s =17(2) x 10%, 
and €; = 46(9) x 10~*. The cross-talk, defined 
as the average error per gate for nontarget 
atoms, is PE, + #8 €; = 21(2) x 10-*. Only glob- 
al microwave pulse imperfections contribute to 
€,. Their contribution to €; may differ because the 
microwave sequence is optimized for spectators. 
Spontaneous emission from the addressing beams 
adds to €), with a calculable contribution of 8 x 10~*. 
The RB data for the two target atoms are shown 
in Fig. 4. Using the dj-from the nontargets, the fit 
of Eq. 3 to the data yields €, = 38(16) x 10~*. 
Asummary of the errors for the target and non- 
target atoms is shown in table S1. The errors can 
mostly be traced to microwave power stability (17 x 
10°“ and 16 x 10*). We expect that reaching the 
state of the art (2, 27), and perhaps tweaking our 
spin echo infrastructure (37) (fig. S1), can bring it 
below 10“. The next largest contribution is from 
the readily calculable spontaneous emission of 
addressing light (16 x 10 for target atoms). Its 
contribution is invariant with gate times because 
f must be changed inversely with gate time. Ad- 
dressing with light between the D1 (6S; /2—6P;/2) 
and D2 (6S;/2—>6P3/2) lines, as we do, locally mini- 
mizes spontaneous emission, but doubling the 
wavelength would further reduce spontaneous 
emission by a factor of 8 without dramatically 
compromising site-addressing. The required power- 
ful addressing beams would exert a substantial 
force on line atoms, but deeper lattices and adia- 
batic addressing-beam turn-on would make the 
associated heating negligible. In our current ex- 
periment, we need to wait 70 us after the address- 
ing beams are turned on for our intensity lock to 
settle. Technical improvement there could halve 
the time the light is on, ultimately leaving the spon- 
taneous emission contribution to the error just 
below 10“ per gate. That limit is based on address- 
ing with a differential light shift. It would disap- 
pear were the same basic scheme to be used on a 
three-level system, in which only one of the qubit 
states is strongly ac Stark-shifted by the addressing 
light. In that case, the phase-shifting microwaves 
(or light) would simply be off-resonant from the 
qubit transition, and the error caused by sponta- 
neous emission would decrease proportional to 
the detuning. Because the dominant target errors 
have the same sources as the nontarget errors, im- 
provements to the gate will correspondingly im- 
prove the cross-talk. Adapting this method to more 
common 1D and 2D geometries is straightforward. 
Only a single addressing beam is needed, and the 
dummy stages would be executed with half-intensity 
addressing beams. The same insensitivity to ad- 
dressing beam power and alignment would follow. 
Scalable addressing is an important step toward 
ascalable quantum computer. Future milestones that 
must be passed on the road to scalable neutral atom 
quantum computation include scalable addressing 
for two-qubit gates (32-34), reliable site filling (29), 
and the implementation of error correction (7). 
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NANOMATERIALS 


Polyelemental nanoparticle libraries 


Peng-Cheng Chen,” Xiaolong Liu,? James L. Hedrick,”** Zhuang Xie,””* 
Shunzhi Wang,”” Qing-Yuan Lin,” Mark C. Hersam,”*”* 


Vinayak P. Dravid,’” Chad A. Mirkin?”**>* 


Multimetallic nanoparticles are useful in many fields, yet there are no effective strategies for 
synthesizing libraries of such structures, in which architectures can be explored in a systematic 
and site-specific manner. The absence of these capabilities precludes the possibility of 
comprehensively exploring such systems. We present systematic studies of individual 
polyelemental particle systems, in which composition and size can be independently controlled 
and structure formation (alloy versus phase-separated state) can be understood. We made 
libraries consisting of every combination of five metallic elements (Au, Ag, Co, Cu, and Ni) through 
polymer nanoreactor—mediated synthesis. Important insight into the factors that lead to alloy 
formation and phase segregation at the nanoscale were obtained, and routes to libraries of 
nanostructures that cannot be made by conventional methods were developed. 


nary, binary, and even ternary nanostruc- 
tures can be synthesized by incorporating 
up to three metals into a single nanoparticle 
(NP) in an alloyed or phase-segregated state 
with a variety of synthetic techniques (1-9). 
The controlled combination of multiple metals at 
the nanoscale offers an effective way to tune the 
chemical and physical properties of NPs, either 
(i) by facilitating hybrid chemical, electronic, and 
magnetic interactions between metal components 
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(2, 3, 10, 11); or ii) by combining different prop- 
erties associated with each pure component (22, 73). 
These properties make multimetallic NPs promising 
materials for diverse applications, spanning catal- 
ysis (2, 3, 10, 14-16), plasmonics (JI, 17), therapy 
(12), and biological imaging (13, 18). Moreover, in 
the context of both catalysis and plasmonics, a 
multimetallic NP often has properties that exceed 
the capabilities of unary particles consisting of 
pure forms of each element (2, 3, 14-17). 

To date, several tools have been developed for 
screening the composition space of macroscopic 
multicomponent materials. Notably, Mallouk et al. 
used ink-jet printing to prepare a combinatorial 
library of multimetallic catalysts that resulted in 
the discovery of a quaternary electrochemical cat- 
alyst (19). However, at the nanoscale, controlled 
synthesis and positioning of multimetallic na- 
nofeatures become increasingly important for 
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systematic study. In NP synthesis, important ad- 
vances have been made in bulk solution-based 
(either one-pot or stepwise) (5-7), microfluidic 
(8), and microemulsion methods (9), but none 
of these offers the ability to systematically exam- 
ine compositional diversity in a high-throughput 
manner or beyond three-element particles. In 
contrast, scanning-probe block copolymer li- 
thography (SPBCL) (20-23), which can deliver 
attoliter-scale volumes of polymers with metal 
ion precursors to a desired location on a surface, 
can be used to generate nanoreactors, which 
upon thermal treatment can transform the pre- 
cursors into individual site-isolated NPs. This 
method has proven useful for making bimetallic 
NPs (22, 23) and even a single trimetallic alloy 
NP (23). Although this is an impressive demonstra- 
tion of synthetic capabilities, such structures could 
also be made by other methods. 

Because SPBCL can now be used with millions 
of tips over areas as large as square centimeters 
(20, 23, 24) to generate nanoscale features con- 
sisting of, in principle, a limitless number of 
polymer types, the technique could become a pow- 
erful approach to nanocombinatorics, in which 
new particle compositions, including those not ac- 
cessible by conventional techniques, can be gen- 
erated en masse and characterized and screened 
in a systematic and site-isolated fashion. To test 
this hypothesis, we investigated the combinatorial 
synthesis of particles consisting of five different 
elements, Au, Ag, Cu, Co, and Ni, via SPBCL. We 
showed that all combinations of the binary, ter- 
nary, quaternary, and quinary NPs could be inde- 
pendently synthesized by SPBCL and characterized 
by scanning transmission electron microscopy 
(STEM) and energy-dispersive x-ray spectros- 
copy (EDS). 

We chose Au, Ag, Cu, Co, and Ni as example 
elements because they are often components of 
nanomaterials used in a wide variety of fields, 
spanning catalysis (JO, 14), plasmonics (11, 17), 
magnetics (25), electronics (26), and biology (12, 13). 
In addition, there are readily available salt pre- 
cursors that can be easily incorporated into block 
copolymers such as poly(ethylene oxide)-b-poly 
(2-vinyl pyridine) (PEO-b-P2VP). To synthesize 
NPs composed of these elements, a polymer pre- 
loaded with the appropriate metal salt(s) was 
used as an ink and deposited onto a substrate as 
hemispherical domes via dip-pen nanolithography 
(DPN) (Fig. 1A) (27). After deposition, the polymer 
domes were thermally annealed in a two-step pro- 
cedure. The first step was carried out in Ar at 120°C 
for 48 hours and induced aggregation of the metal 
salts within the polymer dome (22). The second 
step was carried out under flowing H» at 500°C 
for 12 hours, which results in decomposition of 
the polymer as well as reduction and coalescence 
of the aggregate metal ion precursors into a single- 
metal NP (22). Moreover, the long-term thermal 
treatment at relatively high temperature allows 
the constituent metals to adopt a stable config- 
uration (alloy or phase-separated) based on the 
compatibility of the elements. This approach allows 
one to make and study all combinations of the 
unary, binary, ternary, quaternary, and quinary 


1566 24 JUNE 2016 + VOL 352 ISSUE 6293 


PEO-b-P2VP 


ad LORE G 64 14 


Metal Precursors 
Au Ag Cu Co Ni 


Quaternary 


Quinary 


Fig. 1. The SPBCL-mediated synthesis of multimetallic NPs and a five-element library of unary 
and multimetallic NPs made via this technique. (A) Scheme depicting the process: A polymer 
loaded with metal ion precursor is deposited onto a substrate in the shape of a hemispherical dome 
via dip-pen nanolithography. After two-step thermal annealing, the metal precursors are aggregated 
and reduced, the polymer is decomposed, and individual NPs result from each dome feature. The 
interwoven patterns in the NP schemes are only meant to indicate the alloying of the elements and 
not the actual atomic structure. (B) Unary NPs (top row is a color-coded diagram of the anticipated 
result; bottom row is each particle, as characterized by EDS mapping). (C) Binary NPs consisting of 
every two-element combination of the five metals; the alloy versus phase-segregated state was consistent 
with the bulk phase diagrams for each two-element combination. (D) Ternary NPs consisting of every 
three-element combination of the five metals; the prediction of alloy versus phase-segregated state was 
based on the miscibility of the three components, extracted from the binary data. (E) Quaternary NPs con- 
sisting of every four-element combination of the five metals; the prediction of alloy versus phase-segregated 
state was based on the miscibility of the four components, extracted from the binary and ternary data. (F) A 
quinary NP consisting of a combination of Au, Ag, Cu, Co, and Ni; the prediction of alloy versus phase- 
segregated state was based on all of the previous data for the unary through quaternary systems. 


NPs in a systematic and controlled manner [Fig. 1, 
B to F, and figs. S1 to S4 (28)]. 

To evaluate the capability of SPBCL to develop 
a combinatorial library of NPs, we first prepared 
the simplest structures, monometallic NPs, on TEM 
grids using ink solutions containing only one type 
of metal ion precursor. The resulting NPs were 


characterized by high-angle annular dark-field 
(HAADF) STEM and EDS. Fig. S1 (28) shows 
HAADF-STEM images of SPBCL-prepared Au, 
Ag, Cu, Co, and Ni NPs with diameters deliber- 
ately tailored to ~40 nm. The sizes of NPs were 
controlled by adjusting the volume and metal 
loading of the polymer nanoreactors, which 
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Fig. 2. AuAgNi and AgCuCo heterostructured NPs generated by SPBCL. 
(A) HAADF-STEM image and EDS elemental mapping, and (B) schematic 
illustration of a representative AUAgNi NP (24% Au, 24% Ag, 52% Ni). Au and 
Ag are miscible and both elements are immiscible with Ni, resulting in a het- 
erodimer. (C) HR-TEM image of an AUAgNi NP. The observed lattice spacings 
near the interface are 2.36 and 2.02 A (extracted from fast Fourier trans- 
form, fig. S5B), which closely match the AuAg alloy (111) and Ni (11) planes, 
respectively. (D) A comparison of the NP composition (20 to 60 nm) with 
the precursor ink composition. The dashed black line is the ideal 1:1 cor- 


relation case. (E) HAADF-STEM image and corresponding EDS mapping of 
AuAgNi NPs as a function of Ni content. Scale bars, 10 nm. (F) EDS elemental 
mapping, (G) schematic illustration, and (H) HAADF-STEM image of a rep- 
resentative AgCuCo NP (35% Ag, 38% Cu, 27% Co). The Ag, Cu, and Co 
are immiscible with each other, resulting in a heterotrimer. (I) Dark-field 
STEM images and EDS elemental mapping of AgCuCo NPs consisting of 
different compositions. From left to right, the content of Cu is approximately 
constant at 45% and the content of Ag is 39, 25, and 14%, respectively. Scale 
bars, 15 nm. 


dictates the number of metal ions used for 
forming each NP (20-22). EDS analysis pro- 
vides an effective way to reveal the chemical com- 
position and elemental distribution of each NP 
product (Fig. 1B and fig. S1). 

As part of the library, bimetallic NPs were ac- 
cessed by equally loading two metal ion precur- 
sors into the polymer ink (Fig. 1C and fig. S2). 
Among the 10 binary combinations consisting of 
Au, Ag, Cu, Co, and Ni, four of them (AuAg, AuCu, 
CuNi, and CoNi) resulted in alloy NPs, as vali- 
dated by the even contrast in HAADF-STEM 
images of NPs and the overlap of EDS element 
maps (Fig. 1C and fig. S2). In contrast, the other 
six combinations resulted in heterodimers, indic- 
ative of phase segregation in each binary mixture. 
The difference in contrast in the HAADF-STEM 
images of these heterostructured particles reflects 
the difference in atomic number between two metal 
domains, whereas EDS analysis confirms the sepa- 
ration of the majority of the elements that make 
up the NPs. Slight mixing between incompatible 
metals may still occur, but if so, it is below the 
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detection limit of EDS. The orientation of phase 
boundaries in heterostructured NPs is random 
with respect to the substrate (i.e., the image plane). 
Here, particles with phase boundaries perpendicular 
to the substrate are used to clearly show the sepa- 
ration of metals. Although there is no reason to 
believe that nanostructures will necessarily follow 
the mixing behavior associated with bulk phase 
diagrams, the binary NPs we explored and pre- 
pared do (23, 29). Because no one knows how 
three-, four-, and five-component particle sys- 
tems will behave, it is important to build a library 
of nanostructures in successively more complex 
fashion, so that each layer of complexity can be 
used to understand the next series of entries (e.g., 
ternary structures). 

The syntheses of ternary NPs via conventional 
methods are usually constrained by the difficul- 
ties in balancing the reduction kinetics of the 
different metal ion precursors (J, 30), controlling 
the site-selective nucleation of each metal as 
opposed to forming multicomponent structures 
(5, 6, 31, and controlling phase separation at 


the nanoscale (32, 33). However, trimetallic par- 
ticles are easily accessible via SPBCL because this 
method preconfines precursor ions in a single 
nanoreactor and subsequently transforms them 
into a single particle, thus bypassing the issues 
involving precursor reduction potentials and 
element-specific nucleation. To evaluate the scope 
of this approach, we synthesized all of the ternary 
NPs consisting of every combination of Au, Ag, Cu, 
Co, and Ni. Although the study of binary particles 
shows the possibility of controlling particle struc- 
ture based on metal compatibility, the combina- 
tion of metal compatibility in ternary particles is 
more complicated, which includes four possible 
combination types. The first combination type (1) 
occurs when all three components are miscible 
with each other at any composition, which results 
in a single alloy particle (23). This combination type 
has been made before but was not observed in 
the library we generated. For the 10 ternary com- 
binations of Au, Ag, Cu, Co, and Ni, the other 
combination types that occur are ones in which 
(II) two metals are miscible with each other but 
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the third is not with either, (II]) all three metals 
are immiscible with each other, and (IV) two 
metals are immiscible and the other is miscible 
with the other two. 

We first explored the combination of Au, Ag, 
and Ni (Fig. 2, A to E and figs. S5 to $9), which 
resulted in type II particles, in which the first two 
metals are miscible (Au and Ag) and the third one 
(Ni) is immiscible with the other two (29). We 
synthesized AuAgNi NPs on silicon substrates or 
on TEM grids using an ink solution with a metal 
loading ratio of 25% Au, 25% Ag, and 50% Ni. As 
shown by scanning electron microscopy (SEM) 
and HAADF-STEM images (figs. S5 and S6), arrays 
of AuAgNi NPs could be synthesized, and only 
one NP was observed in each position within the 
array. Increasing the magnification revealed that 
each AuAgNi NP was heterogeneously structured 
(Fig. 2, A and B, and fig. S6). Each AuAgNi NP was 
a dimeric heterostructure consisting of an AuAg 
alloy domain and a Ni domain. The contrast in the 
HAADF-STEM image arises from the difference in 
atomic number between the AuAg alloy and Ni. 
High-resolution TEM shows that the two domains 
in the AuAgNi NP are crystalline (Fig. 2C and 
fig. S5B). More than 10 million NPs were gener- 
ated simultaneously over the centimeter scale by 
combining SPBCL with a large-area cantilever- 
free scanning probe technique such as polymer 
pen lithography (24) (fig. S8). Finally, in addition 
to AuAgNi, the other five ternary combinations 
that lead to type II particles are AuAgCo, AuCuCo, 
AuCoNi, AgCuNi, and AgCoNi (Fig. 1D and fig. S3). 

One advantage of using SPBCL for generating 
NPs is the homogeneity of the patterned nano- 
reactor, which yields particles that have metallic 
constituent ratios reflecting those of the ink. This 
enables straightforward tuning of the particle 
composition (23). We used this ability to study 
the effect of altering metal ratios on the particle 
structure by examining five ink solutions (Fig. 2, 
D and E). The five solutions contained increasing 
Ni content from 20 to 80% while a 1:1 ratio of Au 
and Ag was maintained; the NPs were then in- 
vestigated by EDS to determine elemental dis- 
tribution and composition. As shown in Fig. 2E, 
the varying Ni content in the ink solution ef- 
fectively changed the relative size of the Ni do- 
mains and AuAg alloy domains, respectively, 
while the dimeric heterostructure of AuAgNi 
NPs was maintained for all compositions studied. 
Experimentally, the majority of the AuAgNi NPs 
(yield, 80%; sample size, 50) matched the com- 
position of the ink solutions, with a composi- 
tional variation of less than 10% (Fig. 2D and fig. 
89). The remaining 20% of the NPs exhibited 
large composition fluctuations and even included 
bimetallic NPs (i.e., AuAg, AuNi, or AgNi), which 
is probably caused by the imperfect distribu- 
tion of precursors in the ink solution. The for- 
mation of one NP per polymer reactor is crucial 
for this composition control. Indeed, attempts 
to synthesize NPs in a bulk polymer solution 
through a similar thermal annealing procedure 
resulted in heterogeneous mixtures of particles 
of varying size and composition (figs. S10 and 
S1D, as is commonly observed in one-pot solution 


1568 24 JUNE 2016 » VOL 352 ISSUE 6293 


A Ag-AuAg-AuCu 
L 


B AuAg-AuCu 


(Mau BAg Micu 


“i 4 
‘ + 0, 

Cu Au Ag+Cu Ag+Cut+Au 
OD “i 


nobyny ul 
yua}u09 ny 


50% 


Fig. 3. AuAgCu heterostructured NPs. (A to D) Schematic illustration, HAADF-STEM images, and EDS 
elemental mapping of four representative AuAgCu NPs with different Au content. From (A) to (D), the Ag 
content and Cu content are equal in each NP and the Au content is 10, 30, 50, and 70%, respectively. 
The dashed white line in (A) and (B) indicates the position of the phase boundary. Scale bars, 20 nm. 


syntheses of multimetallic NPs, because differ- 
ent metal precursors exhibit different reduction 
kinetics and element-specific nucleation (5, 30). 
In some polymer reactors (ones consisting of a 
features diameter >1 um), failure of the atomic 
precursors to coalesce into a single NP was also 
observed, which prevented control over NP size 
and composition because of the formation of 
multiple particles (fig. $12). 

In combination type III, the three constituent 
metals, such as Ag, Cu, and Co, are not miscible 
with each other, and trimeric heterostructures 
were expected. As a proof-of-concept experiment, 
we synthesized AgCuCo NPs using an ink solution 
with a metal loading of 33% for each metal. HAADF- 
STEM images along with EDS characterization 
confirm that Ag, Cu, and Co segregate into three 
segments in a AgCuCo NP (Fig. 2, F to H, and figs. 
$13 and S14), which is consistent with the com- 
patibility of these metals (29). If the Cu content 
was kept constant while the relative loading ratio 
of Ag and Co in the ink solution was changed, the 
sizes of the Ag and Co domains, respectively, varied 
according to the ink formulation, but no apparent 
alloying of either two metals was observed for all 
compositions examined (Fig. 21). In the case of all 
ink compositions studied, the three metal domains 
in the NPs shared a common structural feature: 
A central Cu domain is capped by an Ag or Co 
domain on each end. The phase boundaries be- 
tween Ag-Cu and between Cu-Co are not always 
parallel, as evidenced by STEM and EDS (figs. S15 
and S16). This structural motif for AgCuCo NPs 
suggests a higher interfacial energy between Ag 
and Co than the interfacial energy between Ag and 
Cu or between Cu and Co. Nevertheless, AgCuCo 
NPs with adjacent Ag-Co domains can be realized 
when the Cu content is <20%. Indeed, under these 
circumstances, the amount of Cu is not sufficient 
to completely segregate the Ag and Co domains 
(fig. S17). 

For the final combination type, IV, two metals 
(Ag and Cu) are not miscible but the third one (Au) 


is miscible with the other two. Compared with the 
previous two types, the particle structure is more 
dependent on composition because of the increased 
complexity of interactions between the metals. To 
further show the advantage of SPBCL in studying 
composition-dependent phase separation in multi- 
metallic NPs, we synthesized AuAgCu NPs using 
four ink formulations. The four solutions contained 
increasing Au content from 10 to 70% while the Ag 
and Cu contents were kept equal in each solution. 
The NPs obtained from these inks are shown in 
Fig. 3 and figs. S18 to S21. When the Au content 
in the NPs was only 10%, Ag and Cu phase- 
segregated into two domains (Fig. 3A and fig. S18). 
Experimentally, Au showed a higher affinity for 
Cu, as indicated by the enrichment of Au in the Cu 
domain. When the Au content was increased to 
30%, Au diffused into the Ag domain, resulting 
in a Janus NP in which one part is an AuAg alloy 
and the other part is an AuCu alloy (Fig. 3B). Fur- 
ther increasing the Au content to 50% resulted in 
NPs without a distinct boundary between Ag and 
Cu (Fig. 3C). Instead, the Ag and Cu started to 
diffuse into each other’s domains, indicating the 
formation of an intermediate region in the center 
that consists of an AuAgCu alloy. Finally, when the 
Au content was increased to 70%, Au was found 
throughout the entire NP structure and formed 
an alloy (Fig. 3D). In addition to AuAgCu, the other 
two ternary combinations that satisfy type IV are 
AuCuNi and CuCoNi. Similar to the AuAgCu sys- 
tem where Au shows preference for Cu over Ag, Cu 
had a higher affinity for Au than Ni in the AuCuNi 
system, and Ni had a higher affinity for Co than Cu 
in the CuCoNi system (Fig. 1D and fig. $3). Less 
noble metals such as Co, Ni, and Cu were readily 
reduced to a metallic state under an H, atmo- 
sphere under annealing conditions, as evidenced 
by XPS measurements (figs. S7, S14, and S21). 
Particles with these elements slowly oxidized upon 
exposure to air. 

We further extended the library by synthesizing 
all quaternary combinations of Au, Ag, Cu, Co, 
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and Ni. The structures of the quaternary NPs were 
highly dependent on particle composition. Here, 
we examined one specific ink composition for 
each combination of metals (Fig. 1E and fig. $4). 
The aforementioned studies on bimetallic and 
trimetallic systems are instructive for elucidating 
and assigning the structure of each quaternary 
NP. For example, the structure of the AuAgCoNi 
NP was assigned as an AuAgCo heterodimer pri- 
mary particle and Ni as the fourth component. 
The location of the fourth component depends 
on its miscibility with the three components in 
the primary particle. Ni is miscible with Co but 
immiscible with Au and Ag. Thus, AuAgCoNi 
NPs still adopt a dimeric structure, with one part 
being an AuAg alloy and the other part a CoNi 
alloy. For the other quaternary particles synthe- 
sized, the structure can be similarly understood 
by the miscibility of components (fig. $4), which 
we previously described in the binary and ternary 
analysis. The incorporation of four components in 
one NP via SPBCL enables the creation of nano- 
structures with unprecedented compositional and 
structural complexity. 

Creating combinatorial libraries with SPBCL 
even allowed for the synthesis of higher-order 
nanostructures, such as pentametallic NPs con- 
sisting of Au, Ag, Cu, Co and Ni, using an ink 
solution with an equal loading of the five ion 
precursors (Figs. 1F and 4 and fig. S4). Com- 
position control was more difficult than with the 
lower-order NPs. Experimentally, we successfully 
formed quinary particles from half of the polymer 
reactors patterned by SPBCL (yield, 50%; sample 
size, 50; figs. S22 to S24). The remaining polymer 
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Fig. 4. Quinary heterostructured NPs. (A) HAADF-STEM image of a typical AUAgCuCOoNi NP (19% 
Au, 24% Ag, 28% Cu, 14% Co, 15% Ni). (B) Schematic illustration of the structure of the AUAgCUCOoNi 
NP in (A). The NP phase segregates into three domains: AuAg alloy, AuCu alloy, and CoNi alloy. (C to G) EDS 
elemental mapping of the AUAgCUCONi NP in (A). (C) Distribution of each metal inside the NP. (D) Overlay 
of the element maps of Au, Ag, and Cu. (E) Overlay of the element maps of Ag, Cu, and Co. (F) Overlay of 


ement maps of all five metals. 


reactors generated tetrametallic NPs. The AuAg- 
CuCoNi NPs had three distinct structural domains 
(Fig. 4B and figs. S25 and S26). The overlay of EDS 
element maps revealed the distribution of metals 
and their spatial relationship. AgCuCo segregated 
into three domains, which formed the primary NP 
(Fig. 4E). Au was present in the Ag and Cu domains 
because it is compatible with Ag and Cu but im- 
miscible with Co (Fig. 4D). Ni was only present 
in the Co domain because it phase-segregates 
from Au and has a higher affinity for Co than Cu 
(Fig. 4F). Therefore, AuAgCuCoNi NPs composed 
of three segments (i.e., an AuAg alloy, an AuCu 
alloy, and a CoNi alloy) were obtained via SPBCL 
(Fig. 4G). The structure of the AuAgCuCoNi NP 
was highly composition-dependent. Other substrates 
or annealing conditions may result in different 
particle structures, providing the potential for 
additional structure tuning. As such, this result 
validates SPBCL as a viable platform for synthe- 
sizing and studying previously undiscovered multi- 
metallic NPs that are defined by fundamentally 
interesting and complex heterostructures. 

The ability to synthesize and characterize such 
structures provides an experimental platform 
to study alloy formation and phase segregation 
at the nanoscale, which is important for under- 
standing both structure and function. Given 
the enormous library of nanostructures that can 
be tailored based on particle composition and 
metal compatibility, this work advances the 
field of multimetallic NPs toward higher com- 
positional diversity and structural complexity, 
which has the potential to affect a broad range of 
fields, such as catalysis (10, 14, 19), plasmonics 


(11, 17), magnetics (25), electronics (26), biology 
(13, 18), and medicine (72). 
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NEURODEVELOPMENT 


Reprogramming of avian neural crest 
axial identity and cell fate 


Marcos Simoes-Costa’” and Marianne E. Bronner’ 


Neural crest populations along the embryonic body axis of vertebrates differ in 
developmental potential and fate, so that only the cranial neural crest can contribute to the 
craniofacial skeleton in vivo. We explored the regulatory program that imbues the cranial 
crest with its specialized features. Using axial-level specific enhancers to isolate and 
perform genome-wide profiling of the cranial versus trunk neural crest in chick embryos, 
we identified and characterized regulatory relationships between a set of cranial-specific 


transcription factors. Introducing components of this circuit into neural crest cells of 
the trunk alters their identity and endows these cells with the ability to give rise to 
chondroblasts in vivo. Our results demonstrate that gene regulatory circuits that support 
the formation of particular neural crest derivatives may be used to reprogram specific 


neural crest—derived cell types. 


eural crest cells are characterized by their 
multipotency and migratory ability. Dur- 
ing embryonic development, the neural 
crest differentiates into multiple cell types, 
including chondrocytes and osteocytes, 
melanocytes, and neurons and glia of the peri- 
pheral nervous system (J, 2). Neural crest stem 
cells are retained postnatally in the skin and peri- 
pheral nerves, providing a potential target for 
replacement therapy in regenerative medicine 
(3, 4). However, not all neural crest populations 
along the body axis are alike. Quail-chick grafting 
experiments demonstrated that the cranial and 
trunk neural crest differ in developmental po- 
tential: Whereas the cranial neural crest forms 
much of the craniofacial skeleton, the trunk crest 
fails to contribute to skeletal lineages, even when 
grafted in vivo to the head (7). Approaches for 
engineering and replacing specific cell types de- 
pend on a better understanding of the molecular 
mechanisms that underlie the establishment of 
specific cell types during embryonic development. 
We took advantage of differences in neural crest 
subpopulations (J, 5-7) to identify the regula- 
tory circuit that controls commitment of the 
cranial neural crest to a chondrocytic fate. 
Expression of neural crest specifier genes such 
as FoxD3 and Soxi0 is controlled by enhancers 
specific to particular axial levels, driving onset 
of their transcription in either the head or trunk 
neural crest but not both (8, 9). The enhancers 
are activated by different inputs, suggesting that 
neural crest specification is driven by distinct ge- 
netic programs in different subpopulations (2, 9). 
In order to identify the transcriptional program 
that endows the cranial neural crest with its 
ability to give rise to ectomesenchyme (the car- 
tilage and bone of the face), we used the FoxD3 
enhancers NCI and NC2 (9) (Fig. 1, A to C), ac- 
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tive in the cranial and trunk neural crest, respec- 
tively, to isolate pure populations of neural crest 
cells for comparative transcriptional profiling. 
Embryos were electroporated with expression 
vectors driving green fluorescent protein (GFP) 
expression under the control of these enhancers, 
and early-migrating cranial and trunk neural crest 
cells were obtained by fluorescence-activated 
cell sorting (FACS) (10). RNA-seq analysis com- 
paring these two populations identified 216 
genes that were enriched in the cranial neural 


> 


Cranial 


Trunk 


D _ Trunk NC 


crest relative to the trunk (Fig. 1, D and E, and 
database S1), including 16 transcription factors 
(listed in Fig. IF). We confirmed the expression 
of these regulators in the cranial neural crest by 
in situ hybridization; whereas six genes were 
expressed throughout the cranial neural crest 
(fig. S1, A to F), the remainder were detected in 
specific subsets of cells (fig. S1, G to L). Of these, 
we focused on the first group, which were ex- 
pressed in all cranial neural crest cells, includ- 
ing Brain-Specific Homeobox Protein 3C (Brn3c), 
LIM Homeobox Protein 5 (Lhx5), Diencephalon/ 
Mesencephalon Homeobox 1 (Dmbv1), Transcrip- 
tion Factor AP-2 Beta (Tfap2b), SRY Box 8 (S028), 
and the V-Ets Avian Erythroblastosis Virus E26 
Oncogene Homolog 1 (Ets/). 

Analysis of the spatiotemporal expression of 
these cranial-specific regulators demonstrated 
that Brn3c, Lhax5, and Dmba! were first detected 
in the anterior regions of gastrula-stage embryos 
at Hamburger Hamilton stage 4 (HH4) and per- 
sisted through stages of neural crest specification 
(Fig. 2, A and E). These early cranial-specific genes 
were down-regulated after the neural crest delam- 
inated from the neural tube. The onset of Tfap2b, 
Sox8, and Ets] expression was observed later at 
HH7 and HHg, in neural crest progenitors re- 
siding within the cranial neural folds (Fig. 2, B 
and E). These genes were maintained in the 
migratory neural crest cells during later stages of 
development (HH10 to 14; Fig. 2, B and E). Co- 
localization of neural plate border markers Msh 
Homeobox 1 (Msxl1) or Paired Box 7 (Pax7) with 
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Fig. 1. Identification of cranial-specific regulators by comparative transcriptomics. (A) Diagram 
depicting dorsal view of chick embryo. (B and C) Embryos electroporated with FoxD3 axial-specific 
enhancers NC1 and NC2, active in cranial and trunk neural crest (NC), respectively. (D) Comparative 
transcriptome analysis of FACS-sorted cranial and trunk neural crest populations identified 216 cranially 
enriched genes. (E) Summary of gene ontology analysis for the cranial-enriched genes. (F) Enrichment 
levels of transcription factors expressed in the cranial neural crest. 
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Brn3c, Lhx5, and Dmbx!1 showed that the latter 
are expressed by an anterior subset of the neural 
crest progenitors (Fig. 2C). To verify that the 
cranial regulators mark the territory that con- 
tains cranial neural crest precursors, we ana- 
lyzed the fate map of the neural plate border at 
the three-somite stage, using focal injections of 
a vital lipophilic dye (CM-Dil) to label cells along 
the anterior-posterior axis. The injected embryos 
were cultured until the 12-somite stage (HH11-), 
when the labeled cellular progeny were scored 
with respect to their fate as cranial or vagal/ 
trunk neural crest cells. The results show that 
the domain of expression of the early regulators 


(Brn3c, Lhx5, and Dmbxl) demarcates the ter- 
ritory that contains the progenitors of the cranial 
neural crest in the early neurula (HH8-) (Fig. 2D). 

We asked whether cranial-specific regulators 
are part of a transcriptional circuit that underlies 
cranial identity by knocking down each regulator 
individually and assaying for changes in expres- 
sion levels of the other five genes. This was done 
via bilateral electroporations (71), with control 
transfections on the left side and function-blocking 
morpholinos or dominant negative constructs on 
the right side of the same embryo (Fig. 3, A to D). 
Transfected embryos were analyzed by in situ 
hybridization (Fig. 3, A to H) and quantitative 
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polymerase chain reaction (qPCR) (Fig. 31) for 
effects on putative targets; loss of the target gene 
in the experimental side of the embryo indicated 
the existence of a regulatory link between the 
two transcription factors. The diagram in Fig. 3J 
contains interactions confirmed by both qPCR 
and in situ hybridization. Morpholino knockdown 
efficiency was validated by in vivo translation- 
blocking assays (fig. S2). 

By testing 25 putative regulatory links, we 
found that the early and late cranial-specific 
genes constitute different hierarchical levels of a 
gene regulatory network (Fig. 3J). Brn3c, which 
is placed at the top of the circuit, is necessary for 


Fig. 2. Spatial and temporal expression of cra- 
nial neural crest transcription factors. (A and B) 
Dorsal views of embryos after in situ hybridization 
for cranial neural crest-specific transcription fac- 
tors reveals expression at early (A) or later (B) 
stages. (C) Double in situ hybridization reveals 
that cranial regulator Dmbx1 is expressed in the 
anterior neural plate border, whereas Msx1 is ex- 
pressed along the entire neural axis. (D) Fate map 
of neural crest progenitors (red and green dots) 
at stage HH8- confirms cranial specific expression 
of Dmbx1 (purple). (E) Diagram summarizing the 
timing of the expression of early and late cranial 
regulators. 


Fig. 3. Cranial-specific transcriptional circuit un- 
derlying neural crest axial identity. (A to D) Whole- 
mount dorsal views of embryos after morpholino 
(Mo) targeted to the indicated transcription fac- 
tor was transfected to the right side (green) and 
control morpholino (CoMo) to the left side (blue) 
of each embryo. (E to H) Same embryos as above 
after in situ hybridization for the indicated down- 
stream transcription factor; blue arrows indicate 
transcript down-regulation. (1) Comparing control 
to loss-of-function (LOF) neural folds by qPCR re- 
veals differential regulation of downstream targets 
with significant changes indicated by an asterisk 
(Student's t test, P < 0.05). (J) Diagram summariz- 
ing cranial-specific gene regulatory circuit deline- 
ated by functional assays. (K) ChIP demonstrates 
direct association of cranial specific transcription 
factors with promoters of their downstream targets. 
No enrichment was observed for intergenic negative 
control regions (NCRs) or when the procedure was 
performed with mock-transfected embryos (see 
materials and methods for more information). IGG, 
immunoglobulin G. Error bars in (1) and (K) represent 
standard deviation. 
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the activation of DmbzI in the anterior neural 
plate border (Fig. 3I and fig. S3). Subsequently, 
Lhx5 and Dmbzx! drive expression of Tfap2b and 
Sox8 in the dorsal neural folds (Fig. 3, A to C, E 
to G, and I). Finally, Tfap2b activates expression 
of Ets] as the neural crest becomes specified 
(Fig. 3, D, H, and I). Chromatin immunopreci- 
pitation (ChIP) experiments performed in micro- 
dissected neural crest cells showed the association 
of the cranial-specific transcription factors with 
promoters of predicted downstream target genes, 
suggesting that these regulatory links are direct 
(Fig. 3K and fig. S4). 

Sox8, Tfap2b, and Ets1 are all retained in the 
migrating cranial crest cells as they move ven- 
trally to give rise to the facial mesenchyme dur- 
ing stages HH10 to 14. To investigate whether 
these genes play a role in the differentiation of 
neural crest cells into chondroblasts, we assayed 
the effects of disrupting the terminal module of 
the circuit on the expression of markers of chon- 
drocytic differentiation. We found that Ets7 was 
required for the expression of ALX Homeobox 1 
(AlxI, also known as Cartilage Paired-Class 
Homeoprotein 1) in the facial mesenchyme (fig. 
85), indicating a link between cranial identity 
and chondrocytic differentiation. Thus, cranial- 
specific regulators are part of a transcriptional 
circuit that conveys regulatory information from 
the anterior neural plate border to the late mi- 
gratory neural crest. 


To test whether this cranial-specific regula- 
tory circuit could be used to manipulate neural 
crest identity, we employed neural crest axial- 
specific enhancers as reporters of axial level iden- 
tity. We electroporated expression constructs in 
the trunk neural tube of stage HH10 embryos, and 
found that transfection of the late cranial-specific 
factors (Sox8, Tfap2b, and Ets) robustly acti- 
vated the cranial enhancer Sox10E2 (9, 11) in 
the trunk neural crest [n = 15 out of 15 (15/15) 
embryos] (Fig. 4, A to E), consistent with a shift 
from trunk to cranial identity. Other axial- 
specific enhancers were similarly affected; trunk- 
specific enhancers NC2 and SoxI0EI were re- 
pressed after electroporation of the late factors 
(fig. S6). Early cranial-specific factors (Brn3c, 
Lhx5, and Dmbx!1), or individual late factors, 
were unable to activate cranial enhancers in the 
trunk. To identify changes in the regulatory state 
of the reprogrammed trunk neural crest, we iso- 
lated transfected cells by FACS and analyzed their 
expression profile by qPCR, focusing on tran- 
scription factors involved in craniofacial differ- 
entiation. The results revealed elevated expression 
of chondrocytic genes Runt-Related Transcription 
Factor 2 (Runx2) and Ali, in the trunk Soxl0E2* 
cells as compared with native trunk crest (Fig. 4F). 
The reprogrammed trunk SoxI0E2* cells also dis- 
played a loss of genes enriched in the trunk 
neural crest, such as Developing Brain Homeo- 
box 1 (Dbx2) and Hairy And Enhancer Of Split 6 


(Hes6) (Fig. 4G). This confirmed that the re- 
programmed cells adopt a cranial-like expression 
profile, and raised the possibility that these cells 
might display augmented chondrocytic potential. 

Finally, we tested whether this cranial neural 
crest circuit could reprogram not only enhancer 
activity and expression of axial-specific neural 
crest genes, but also cell fate, so that repro- 
grammed trunk neural crest cells could differen- 
tiate into craniofacial cartilage. We cotransfected 
three constructs encoding late transcription fac- 
tors Sox8, Tfap2b, and EtsI into the posterior 
epiblast of HH5 chicken embryos transgenic for 
GFP by electroporating DNA in the region pos- 
terior to the Hensen’s node. The GFP* trunk neu- 
ral folds then were microdissected at HH11 and 
immediately transplanted to the cranial regions 
of HH9 wild-type chick embryos (fig. $7). The 
grafted embryos were incubated until host em- 
bryonic day 7 (E7), by which time endogenous 
cartilage cells have differentiated. The fate of 
donor tissue was assayed using markers for neu- 
ronal, melanocytic, and chondrocytic differenti- 
ation. By E7, wild-type (host) and reprogrammed 
(donor) trunk neural crest migrated to the prox- 
imal part of the jaw. As observed with chick-quail 
chimeras (5-7), we found that wild-type or mock- 
transfected trunk neural crest cells grafted into 
the cephalic region gave rise to neurons and 
melanocytes but were unable to differentiate 
into chondroblasts (7 = 0/5 embryos) (Fig. 4, H 
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Fig. 4. Reprogramming of neural crest axial identity and fate. (A) Diagram 
of chick embryo electroporated with the Sox1OE2 enhancer, active only in 
migrating cranial neural crest. (B) Transfection of trunk neural crest cells with 
a control RFP expression vector shows no Sox10E2 activity. (©) Repro- 
gramming of trunk neural crest cells with cranial-specific regulators Sox8, 
Tfap2b, and Ets1 results in robust activity of the cranial SoxlOE2 enhancer 
in the trunk region (n = 15/15 embryos). (D and E) Flow cytometry anal- 
ysis of dissociated embryonic trunks shows a large number of Soxl0E2* 
trunk neural crest cells after reprogramming. (F and G) Reprogrammed 
(Rep) trunk neural crest display increased expression of the chondrocytic 
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genes Runx2 and Alx1, whereas trunk genes Dbx2 and Hes6 are strongly 
down-regulated. Error bars represent standard deviation. (H and I) Histo- 
logical sections of E7 embryonic heads show that wild-type (WT) trunk neural 
crest cells (GFP*, green) fail to form cartilage (Col9a", red) after transplan- 
tation to the cranial region (n = 0/5 embryos). (J and K) Inset of (H) and (1), 
showing the absence of GFP* chondrocytes. (L and M) Reprogrammed trunk 
neural crest cells (expressing Sox8, Tfap2b, and Etsl) fromm GFP donor 
embryos transplanted to the head form ectopic cartilage nodules. (N and O) 
Inset of (L) and (M), showing chondrocytes derived from trunk neural crest 
cells (GFP* and Col9a*). 
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to K). The same result was observed with trunk 
neural crest transfected with the early cranial- 
specific factors (n = 0/6 embryos). Reprogrammed 
trunk neural crest, however, acquired chondrogenic 
potential and formed ectopic cartilage nodules 
(n = 4/7 embryos) (Fig. 4, L to O) in the proximal 
jaw. Thus, introducing components of the cranial- 
specific transcriptional circuit is sufficient to re- 
program trunk neural crest cells and to drive them 
to adopt an additional cartilaginous fate. These 
results definitively show that the cranial-specific 
regulatory circuit (Fig. 3J) we have defined confers 
chondrocytic potential to the trunk neural crest. 

The development and differentiation of neu- 
ral crest cells are controlled by a complex gene 
regulatory network, composed of transcription 
factors, signaling molecules, and epigenetic mod- 
ifiers (12, 13). We have expanded the known 
cranial neural crest gene regulatory network by 
identifying transcriptional interactions specific 
to the cranial crest and absent from other sub- 
populations. By linking anterior identity in the 
gastrula to the expression of drivers of chondro- 
cytic differentiation, we have identified a cranial- 
specific circuit (Fig. 3J) that endows the neural 
crest with its potential to differentiate into the 
craniofacial skeleton of vertebrates. Our results 
highlight how transcriptional circuits can be re- 
wired to alter progenitor cell identity and fate 
during embryonic development. 
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The social dilemma of 
autonomous vehicles 


Jean-Francois Bonnefon,' Azim Shariff,”* Iyad Rahwan*+ 


Autonomous vehicles (AVs) should reduce traffic accidents, but they will sometimes have 
to choose between two evils, such as running over pedestrians or sacrificing themselves 
and their passenger to save the pedestrians. Defining the algorithms that will help AVs 
make these moral decisions is a formidable challenge. We found that participants in six 
Amazon Mechanical Turk studies approved of utilitarian AVs (that is, AVs that sacrifice 
their passengers for the greater good) and would like others to buy them, but they would 
themselves prefer to ride in AVs that protect their passengers at all costs. The study 
participants disapprove of enforcing utilitarian regulations for AVs and would be less willing 
to buy such an AV. Accordingly, regulating for utilitarian algorithms may paradoxically 
increase casualties by postponing the adoption of a safer technology. 


he year 2007 saw the completion of the first 

benchmark test for autonomous driving in 

realistic urban environments (J, 2). Since 

then, autonomous vehicles (AVs) such as 

Google’s self-driving car covered thousands 
of miles of real-road driving (3). AVs have the 
potential to benefit the world by increasing traf- 
fic efficiency (4), reducing pollution (5), and elim- 
inating up to 90% of traffic accidents (6). Not all 
crashes will be avoided, though, and some crashes 
will require AVs to make difficult ethical decisions 
in cases that involve unavoidable harm (7). For 
example, the AV may avoid harming several pe- 
destrians by swerving and sacrificing a passerby, 
or the AV may be faced with the choice of sacri- 
ficing its own passenger to save one or more 
pedestrians (Fig. 1). 

Although these scenarios appear unlikely, even 
low-probability events are bound to occur with 
millions of AVs on the road. Moreover, even if 
these situations were never to arise, AV program- 
ming must still include decision rules about what 
to do in such hypothetical situations. Thus, these 
types of decisions need be made well before AVs 
become a global commodity. Distributing harm is 
a decision that is universally considered to fall 
within the moral domain (8, 9). Accordingly, the 
algorithms that control AVs will need to embed 
moral principles guiding their decisions in situa- 
tions of unavoidable harm (0). Manufacturers 
and regulators will need to accomplish three po- 
tentially incompatible objectives: being consistent, 
not causing public outrage, and not discouraging 
buyers. 

However, pursuing these objectives may lead 
to moral inconsistencies. Consider, for example, 
the case displayed in Fig. 1A, and assume that 
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the most common moral attitude is that the AV 
should swerve. This would fit a utilitarian moral 
doctrine (11), according to which the moral course 
of action is to minimize casualties. But consider 
then the case displayed in Fig. 1C. The utilitarian 
course of action, in that situation, would be for 
the AV to swerve and kill its passenger, but AVs 
programmed to follow this course of action might 
discourage buyers who believe their own safety 
should trump other considerations. Even though 
such situations may be exceedingly rare, their 
emotional saliency is likely to give them broad 
public exposure and a disproportionate weight 
in individual and public decisions about AVs. To 
align moral algorithms with human values, we 
must start a collective discussion about the ethics 
of AVs—that is, the moral algorithms that we are 
willing to accept as citizens and to be subjected 
to as car owners. Thus, we initiate the data-driven 
study of driverless car ethics, inspired by the meth- 
ods of experimental ethics (72). 

We conducted six online surveys (n = 1928 total 
participants) between June and November 2015. 
All studies were programmed on Qualtrics survey 
software and recruited participants (U.S. resi- 
dents only) from the Amazon Mechanical Turk 
(MTurk) platform, for a compensation of 25 cents 
each. Studies described in the experimental ethics 
literature largely rely on MTurk respondents, with 
robust results, even though MTurk respondents 
are not necessarily representative of the U.S. pop- 
ulation (13, 14). A possible concern with MTurk 
studies is that some participants may already be 
familiar with testing materials, particularly when 
these materials are used by many research groups. 
However, this concern does not apply to our test- 
ing materials, which have never been used in a 
published MTurk study to date. 

In all studies, participants provided basic demo- 
graphic information. Regression analyses (see sup- 
plementary materials) showed that enthusiasm 
for self-driving cars was consistently greater for 
younger, male participants. Accordingly, all sub- 
sequent analyses included age and sex as co- 
variates. The last item in every study was an easy 
question (e.g., how many pedestrians were on the 


24 JUNE 2016 + VOL 352 ISSUE 6293 1573 


Downloaded from http://science.sciencemag.org/ on June 28, 2016 


RESEARCH | REPORTS 


road) relative to the traffic situation that partic- 
ipants had just considered. Participants who failed 
this attention check (typically 10% of the sample) 
were discarded from subsequent analyses. 

Detailed statistical results for all studies are 
provided in the supplementary materials (tables 
S1 to S8). Overall, participants strongly agreed 
that it would be more moral for AVs to sacrifice 
their own passengers when this sacrifice would 
save a greater number of lives overall. 

In study one (n = 182 participants), 76% of par- 
ticipants thought that it would be more moral for 
AVs to sacrifice one passenger rather than kill 10 
pedestrians [with a 95% confidence interval (CI) 
of 69 to 82]. These same participants were later 
asked to rate which was the most moral way to 
program AVs, on a scale from 0 (protect the pas- 
senger at all costs) to 100 (minimize the number 
of casualties). They overwhelmingly expressed a 
moral preference for utilitarian AVs programmed 
to minimize the number of casualties (median = 
85) (Fig. 2A). However, participants were less cer- 
tain that AVs would be programmed in a utili- 
tarian manner (67% thought so, with a median 


rating of 70). Thus, participants were not worried 
about AVs being too utilitarian, as often por- 
trayed in science-fiction works. If anything, they 
imagined future AVs as being less utilitarian 
than they should be. 

In study two (n = 451 participants), partici- 
pants were presented with dilemmas that varied 
the number of pedestrians’ lives that could be 
saved, from 1 to 100. Participants did not think 
that AVs should sacrifice their passenger when 
only one pedestrian could be saved (with an 
average approval rate of 23%), but their moral 
approval increased with the number of lives that 
could be saved (P < 0.001), up to approval rates 
consistent with the 76% observed in study one 
(Fig. 2B). 

Participants’ approval of passenger sacrifice was 
even robust to treatments in which they had to 
imagine themselves and another person, partic- 
ularly a family member, in the AV (study three, 
n = 259 participants). Imagining that a family 
member was in the AV negatively affected the 
morality of the sacrifice, as compared with imagin- 
ing oneself alone in the AV (P = 0.003). But even in 


ws 
| 


Fig. 1. Three traffic situations involving imminent unavoidable harm. The car must decide between 
(A) killing several pedestrians or one passerby, (B) killing one pedestrian or its own passenger, and 


(C) killing several pedestrians or its own passenger. 


Fig. 2. Considering the greater good versus the 
life of the passenger. (A and B) In studies one 
and two, when asked which would be the most 
moral way to program AVs, participants expressed 
a preference for AVs programmed to kill their pas- 
sengers for the greater good. This preference was 
strong, provided that at least five lives could be 
saved [(A) shows detailed results for 10 lives]. On 
average, participants were more confident that AVs 
should pursue the greater good than whether AVs 
would actually be programmed to do so. In (B), 
boxes show the 95% Cl of the mean. 


1574 24 JUNE 2016 + VOL 352 ISSUE 6293 


A Study 1 


60 


EOP SAV IIIM FeUM, 


Number of Responses 
Oo 


40 


20 


20P SAV PINoYs TeUM, 


() 25 50 75 100 
From 0 = 'Protect driver at all costs' 
to 100 = ‘Minimize casualties on the road' 


that strongly aversive situation, the morality of the 
sacrifice was still rated above the midpoint of the 
scale, with a 95% CI of 54 to 66 (Fig. 3A). 

Still, study three presents the first hint of a so- 
cial dilemma. On a scale of 1 to 100, respondents 
were asked to indicate how likely they would be 
to buy an AV programmed to minimize casualties 
(which would, in these circumstances, sacrifice 
them and their co-rider family member), as well 
as how likely they would be to buy an AV pro- 
grammed to prioritize protecting its passengers, 
even if it meant killing 10 or 20 pedestrians. 
Although the reported likelihood of buying an 
AV was low even for the self-protective option 
(median = 50), respondents indicated a signifi- 
cantly lower likelihood (P < 0.001) of buying the 
AV when they imagined the situation in which 
they and their family member would be sacri- 
ficed for the greater good (median = 19). In other 
words, even though participants still agreed that 
utilitarian AVs were the most moral, they preferred 
the self-protective model for themselves. 

Study four (7 = 267 participants) offers another 
demonstration of this phenomenon. Participants 
were given 100 points to allocate between differ- 
ent types of algorithms, to indicate (i) how moral 
the algorithms were, (ii) how comfortable par- 
ticipants were for other AVs to be programmed 
in a given manner, and (iii) how likely participants 
would be to buy an AV programmed in a given 
manner. For one of the algorithms, the AV would 
always swerve when it was about to run over 
people on the road. Figure 3B shows the points 
allocated to the AV equipped with this algorithm, 
in three situations: (i) when it swerved into a pe- 
destrian to save 10 people, (ii) when it killed its 
own passenger to save 10 people, and (iii) when it 
swerved into a pedestrian to save just one other 
pedestrian. The algorithm that swerved into one 
to save 10 always received many points, and the 
algorithm that swerved into one to save one 
always received few points. The algorithm that 
would kill its passenger to save 10 presented a 
hybrid profile. Like the high-valued algorithm, 
it received high marks for morality (median 
budget share = 50) and was considered a good 
algorithm for other people to have (median bud- 
get share = 50). But in terms of purchase intention, 
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it received significantly fewer points than the 
high-valued algorithm (P < 0.001) and was, in 
fact, closer to the low-valued algorithms (median 
budget share = 33). Once more, it appears that 
people praise utilitarian, self-sacrificing AVs and 
welcome them on the road, without actually 
wanting to buy one for themselves. 

This is the classic signature of a social dilem- 
ma, in which everyone has a temptation to free- 
ride instead of adopting the behavior that would 
lead to the best global outcome. One typical so- 
lution in this case is for regulators to enforce the 
behavior leading to the best global outcome. In- 
deed, there are many similar societal examples 
involving trade-off of harm by people and govern- 
ments (15-17). For example, some citizens object 
to regulations that require children to be immu- 
nized before starting school. In this case, the pa- 
rental decision-makers choose to minimize the 
perceived risk of harm to their child while in- 
creasing the risk to others. Likewise, recognition 
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Fig. 3. Toward regulation and purchase (studies three to six). (A to D) Boxes show the 95% Cl of the 


of the threats of environmental degradation have 
prompted government regulations aimed at cur- 
tailing harmful behaviors for the greater good. 
But would people approve of government regu- 
lations imposing utilitarian algorithms in AVs, 
and would they be more likely to buy AVs under 
such regulations? 

In study five (n = 376 participants), we asked 
participants about their attitudes toward legally 
enforcing utilitarian sacrifices. Participants con- 
sidered scenarios in which either a human driver 
or acontrol algorithm had an opportunity to self- 
sacrifice to save 1 or 10 pedestrians (Fig. 3C). As 
usual, the perceived morality of the sacrifice was 
high and about the same whether the sacrifice 
was performed by a human or by an algorithm 
(median = 70). When we inquired whether partic- 
ipants would agree to see such moral sacrifices 
legally enforced, their agreement was higher for 
algorithms than for human drivers (P < 0.002), but 
the average agreement still remained below the 
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mean. In all studies, participants expressed a moral preference for AVs sacrificing their passengers to 
save a greater number of pedestrians. This moral preference was robust for situations in which 
participants imagined themselves in the AV in the company of a co-worker, a family member, or their 
own child. However, participants did not express a comparable preference for buying utilitarian AVs, 
especially when they thought of family members riding in the car [(A) and (B)]. Additionally, participants 
disapproved of regulations enforcing utilitarian algorithms for AVs and indicated that they would be less 
likely to purchase an AV under such regulations [(C) and (D)]. 
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midpoint of the 0 to 100 scale in each scenario. 
Agreement was highest in the scenario in which 
algorithms saved 10 lives, with a 95% CI of 33 to 46. 

Finally, in study six (n = 393 participants), we 
asked participants specifically about their likeli- 
hood of purchasing the AVs whose algorithms had 
been regulated by the government. Participants 
were presented with scenarios in which they were 
riding alone, with an unspecified family member, 
or with their child. As in the previous studies, the 
scenarios depicted a situation in which the algo- 
rithm that controlled the AV could sacrifice its 
passengers to minimize casualties on the road. 
Participants indicated whether it was the duty of 
the government to enforce regulations that would 
minimize the casualties in such circumstances, 
whether they would consider the purchase of an 
AV under such regulations, and whether they 
would consider purchasing an AV under no such 
regulations. As shown in Fig. 3D, people were 
reluctant to accept governmental regulation of 
utilitarian AVs. Even in the most favorable con- 
dition, when participants imagined only them- 
selves being sacrificed to save 10 pedestrians, the 
95% CI for whether people thought it was appro- 
priate for the government to regulate this sacri- 
fice was only 36 to 48. Finally, participants were 
much less likely to consider purchasing an AV 
with such regulation than without (P < 0.001). 
The median expressed likelihood of purchasing 
an unregulated AV was 59, compared with 21 for 
purchasing a regulated AV. This is a huge gap 
from a statistical perspective, but it must be un- 
derstood as reflecting the state of public senti- 
ment at the very beginning of a new public issue 
and is thus not guaranteed to persist. 

Three groups may be able to decide how AVs 
handle ethical dilemmas: the consumers who buy 
the AVs; the manufacturers that program the 
AVs; and the government, which may regulate the 
kind of programming manufacturers can offer and 
consumers can select. Although manufacturers 
may engage in advertising and lobbying to influ- 
ence consumer preferences and government reg- 
ulations, a critical collective problem consists of 
deciding whether governments should regulate 
the moral algorithms that manufacturers offer to 
consumers. 

Our findings suggest that regulation for AVs 
may be necessary but also counterproductive. Mor- 
al algorithms for AVs create a social dilemma 
(18, 19). Although people tend to agree that every- 
one would be better off if AVs were utilitarian (in 
the sense of minimizing the number of casualties 
on the road), these same people have a personal 
incentive to ride in AVs that will protect them at 
all costs. Accordingly, if both self-protective and 
utilitarian AVs were allowed on the market, few 
people would be willing to ride in utilitarian AVs, 
even though they would prefer others to do so. 
Regulation may provide a solution to this prob- 
lem, but regulators will be faced with two diffi- 
culties: First, most people seem to disapprove of 
a regulation that would enforce utilitarian AVs. 
Second—and a more serious problem—our results 
suggest that such regulation could substantially 
delay the adoption of AVs, which means that the 
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lives saved by making AVs utilitarian may be 
outnumbered by the deaths caused by delaying 
the adoption of AVs altogether. Thus, car-makers 
and regulators alike should be considering solu- 
tions to these obstacles. 

Moral algorithms for AVs will need to tackle 
more intricate decisions than those considered in 
our surveys. For example, our scenarios did not 
feature any uncertainty about decision outcomes, 
but a collective discussion about moral algorithms 
will need to encompass the concepts of expected 
risk, expected value, and blame assignment. Is it 
acceptable for an AV to avoid a motorcycle by 
swerving into a wall, considering that the proba- 
bility of survival is greater for the passenger of 
the AV than for the rider of the motorcycle? Should 
AVs account for the ages of passengers and pe- 
destrians (20)? If a manufacturer offers different 
versions of its moral algorithm, and a buyer know- 
ingly chose one of them, is the buyer to blame for 
the harmful consequences of the algorithm’s de- 
cisions? Such liability considerations will need to 
accompany existing discussions of regulation (27), 
and we hope that psychological studies inspired 
by our own will be able to inform this discussion. 

Figuring out how to build ethical autonomous 
machines is one of the thorniest challenges in ar- 
tificial intelligence today (22). As we are about to 
endow millions of vehicles with autonomy, a seri- 
ous consideration of algorithmic morality has nev- 
er been more urgent. Our data-driven approach 
highlights how the field of experimental ethics 
can provide key insights into the moral, cultural, 
and legal standards that people expect from auto- 
nomous driving algorithms. For the time being, 
there seems to be no easy way to design algorithms 
that would reconcile moral values and personal 
self-interest—let alone account for different cul- 
tures with various moral attitudes regarding life- 
life trade-offs (23)—but public opinion and social 
pressure may very well shift as this conversation 
progresses. 
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PROSTATE DEVELOPMENT 


Identification of an NKX3.1-G9a-UTY 
transcriptional regulatory network 
that controls prostate differentiation 


Aditya Dutta,’* Clémentine Le Magnen,™* Antonina Mitrofanova,”+ Xuesong Ouyang,” 


Andrea Califano,* Cory Abate-Shen*§ 


The NKX3.1 homeobox gene plays essential roles in prostate differentiation and prostate cancer. 
We show that loss of function of Nkx3.1 in mouse prostate results in down-regulation of 
genes that are essential for prostate differentiation, as well as up-regulation of genes that 
are not normally expressed in prostate. Conversely, gain of function of Nkx3.1 in an 
otherwise fully differentiated nonprostatic mouse epithelium (seminal vesicle) is sufficient 
for respecification to prostate in renal grafts in vivo. In human prostate cells, these 
activities require the interaction of NKX3.1 with the G9a histone methyltransferase via the 
homeodomain and are mediated by activation of target genes such as UTY (KDM6c), the 
male-specific paralog of UTX (KDM6a). We propose that an NKX3.1-G9a-UTY 
transcriptional regulatory network is essential for prostate differentiation, and we 
speculate that disruption of such a network predisposes to prostate cancer. 


mong the tissues of the male urogenital 
system, the prostate and seminal vesicle are 
secretory organs that develop in close prox- 
imity under the influence of androgens (fig. 
S1A) (/, 2). However, the prostate develops 
from the urogenital sinus, an endodermal deriv- 
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ative, whereas the seminal vesicle develops from 
the Wolffian duct, a mesodermal derivative. Among 
genes that distinguish prostate and seminal vesicle, 
the Nkx3.1 homeobox gene is among the earliest 
expressed in the presumptive prostatic epithelium 
during development, and its expression in adults 
is primarily restricted to prostatic luminal cells 
(3, 4), which are secretory cells that are the major 
target of prostate neoplasia (4, 5). Accordingly, in 
mouse models, loss of function of Nkx3.1 results 
in impaired prostate differentiation and defects in 
luminal stem cells, as well as predisposes to pros- 
tate cancer (3, 4). 

Analyses of expression profiles from Nkx3.1 
wild-type (Nkw3.1°”*) and Nikx3.1 mutant (Nkx3.I7-) 
prostates revealed down-regulation of genes asso- 
ciated with prostate differentiation, such as FoxAI 
(Forkhead Box Al), Pbsn (Probasin), HoxB13, and 
Tmprss2 (Transmembrane Protease, Serine 2), as 
well as luminal cells (cytokeratins 8 and 18), and 
up-regulation of basal cell markers (cytokeratins 
5 and p63) (Fig. 1A, fig. S2A, and database S1) (6). 
Surprisingly, Nkx3.17~ versus Nkx3.1'”* prostates 
display up-regulation of genes that are expressed, 
albeit not exclusively, in seminal vesicle, namely 
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Fig. 1. Murine Nkx3.1 respecifies a nonprostatic epithelium to form 
prostate in vivo. (A) Heat map representations of differentially expressed 
genes from Nkx3.1*”* and Nkx3.1- prostate (6). (B) Gene set enrichment 
analysis, using as the query gene set differentially expressed genes from 
seminal vesicle versus prostate, compared with a reference gene signature 
of Nkx3.1- versus Nkx3.1*”* prostate. (C) Diagram of the tissue recombi- 
nation assay. Dissociated epithelium from seminal vesicle (SVE) or prostate 


Sus6, Sva, Suvs4, and Sus5 (Fig. 1A and fig. S2A) 
(7). These differentially expressed genes were sig- 
nificantly enriched in a gene signature comparing 
seminal vesicle versus normal prostate, and this 
pattern was conserved in mouse and humans 
(Fig. 1B and figs. SIB and S2B). At the cellular 
level, we observed reduced expression of Proba- 
sin and a corresponding up-regulation of Svp2 in 
Nkx3.1~ versus Nkx3.1'/* prostates (figs. SI, C 
to E, and S2C; and tables S1 to S3) (8). 
Considering that loss of function of Nkx3.1 leads 
to aberrant prostate epithelial differentiation, we 
asked whether its gain of function in a nonprostatic 
epithelium is sufficient to induce prostate differ- 
entiation. Toward this end, we performed tissue 
recombination assays, in which relevant epithelial 
and mesenchymal tissues are recombined in vitro, 
followed by growth under the kidney capsule of 
host mice in vivo (Fig. 1C) (2). It is well estab- 
lished that prostate formation requires both epi- 
thelial and mesenchymal tissues, as well as an 
appropriate source of androgens (fig. S3), and that 
nonendodermal epithelium, even those that are 
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androgen-regulated, such as seminal vesicle, do 
not form prostate in this assay (2). 

To explore whether Nkx3.1 expression can in- 
duce prostate differentiation in tissue recombi- 
nants, we infected seminal vesicle epithelium with 
a lentivirus expressing Nkx3.1 (or the control 
vector) (Fig. 1C). As expected, tissue recombinants 
made with prostate epithelium (PE) generate 
prostate-like grafts, which are distinguished by 
their prostate-like ductal structures, histological 
appearance resembling prostate epithelium, and 
expression of markers of prostate differentiation, 
including Nkx3.1, probasin, FoxA1, and HoxB13 
(N = 19 recombinants) (Fig. 1, D and E; fig. S4A; 
and table S4). Also as expected, tissue recombi- 
nants made with seminal vesicle epithelium 
(SVE) lacking Nk#3.1 generate seminal vesicle- 
like grafts, which are distinguished by their lack 
of discernible ductal morphology, histological ap- 
pearance resembling seminal vesicle, and the 
absence of markers of prostate differentiation 
(N = 20 recombinants) (Fig. 1, D and E; fig. S4A; 
and table S4). 


Explant from rat embryo 


positive control) + Control vector 


Seminal Vesicle Epithelium 
+ Nkx3.1 


+ Msx1 (control) 


(PE) is infected with a lentivirus expressing Nkx3.1 (or control). Mesenchyme 
from rat embryonic urogenital sinus is combined with the epithelium and grown 
under the renal capsule of host mice. (D and E) Representative tissue re- 
combinants. (D) (Top) Whole-mount images. (Bottom) Hematoxylin and eosin 
(H&E) images. (E) Confocal images of immunofluorescence using the indicated 
antibodies. Scale bars represent 50 um in (D) and 20 um in (E). A summary of 
tissue recombinant data is provided in table S4. 


In contrast, tissue recombinants made with 
SVE expressing exogenous Nkx3.1 more closely 
resemble prostate than seminal vesicle. In par- 
ticular, the Nkx3.1-expressing SVE grafts are dis- 
tinguished by their appearance of prostate-like 
ductal structures, histological appearance resem- 
bling prostate, and expression of markers of pros- 
tate differentiation, including probasin, FoxA1, 
and HoxB13 (N = 26 recombinants) (Fig. 1, D 
and E; fig. S4A; and table S4); this was not the 
case for tissue recombinants made with SVE 
expressing an unrelated homeobox gene, Msx1 
(N = 3 recombinants) (Fig. 1, D and E, and 
table S4). Moreover, expression profiling anal- 
yses showed that tissue recombinants made 
from SVE expressing Nk23.1 were significantly 
enriched with a signature of prostate versus 
seminal vesicle (fig. S4, B and C). Nkx3.1 is thus 
sufficient to respecify a fully differentiated non- 
prostate epithelium to form prostate in vivo. 

To study the underlying mechanisms, we es- 
tablished a cell-based assay using an immortal- 
ized human prostate cell line, RWPE1, which 
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interaction with the G9a histone methyl- 
transferase. (A and B) Nuclear extracts 
from RWPE1 cells expressing Flag-HA-NKX3.1 
or the control were subjected to immuno- 
precipitation followed by mass spectrometry 
(A) or Western blot analysis (B) (see fig. S6). 
(A) Silver stain showing G9a interaction. Mark- 
ers, as indicated. NS, nonspecific bands. (B) 
mmunoprecipitation followed by Western 
blot analysis. Input shows 5% of the total 
protein, and immunoprecipitation (IP) shows 
proteins recovered after IP using an antibody 
to Flag. Experiments were performed with 
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three independent biological replicates; 


representative data are shown. 


(C) Diagram of experimental design for (D) and (E). Human RWPE1 prostate 
epithelial cells were infected with an NKX3.1-expressing lentivirus (expressing 
red fluorescent protein), followed by infection with an shRNA-expressing 
lentivirus (expressing green fluorescent protein). Coinfected cells were sorted 
by fluorescence-activated cell sorting, followed by analyses in vitro (D) or 
generation of tissue recombinants in vivo. (D) Western blot analysis. Experi- 
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ments were performed with three independent biological replicates; repre- 
sentative data are shown. (E) Representative tissue recombinants showing 
whole-mount, H&E, and confocal images of immunofluorescence staining. 
Indicated is the kidney and the collagen plug (for the recombinants that did 
not grow) or the tissue recombinant. The ruler shows cm scale; scale bars 
represent 50 um in the H&E images and 20 um in the immunofluorescence 
images. A summary of tissue recombinants is provided in table S4. 
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expresses low levels of NKX3.1, low levels of lu- 
minal cytokeratins, high levels of basal cell markers, 
and low levels of markers of prostate differenti- 
ation, such as androgen receptor (AR), FOXA1, 
PSA, TMPRSS2, and HOXB13 (Fig. 2, A to D). In- 
fection of RWPE1 cells with a lentivirus expressing 
NKX3.1 resulted in high levels of NKX3.1 protein 
and robust DNA binding (Fig. 2, B and C). Ex- 
pression profiling and Western blot analyses of 
the NKX3.1-expressing versus control RWPE1 cells 
revealed up-regulation of luminal cell markers 
(cytokeratins 8 and 18), down-regulation of basal 
cell markers (cytokeratin 5 and p63), and up- 
regulation of prostate differentiation markers 
(AR, FOXAI, PSA, TMPRSS2, and HOXB13) (Fig. 2, 
B and D). Furthermore, when combined with 


embryonic mesenchyme and grown under the 
renal capsule, NKX3.1-expressing RWPE1 cells 
generate prostate-like grafts that morphologically 
and histologically resemble prostate, including 
the presence of basal and luminal cell layers and 
expression of markers of prostate differentiation 
(N = 15 recombinants). In contrast, the control 
RWPEI cells failed to grow in this assay (N = 12 
recombinants) (Fig. 2E, fig. $5, and table S4). 
NKX3.1(T164A), which has a mutation in the 
homeodomain that impairs its DNA binding 
capacity (Fig. 2C) (9), did not induce prostate 
differentiation in vitro, nor did it promote 
prostate growth in tissue recombinants in vivo 
(N = 7 recombinants) (Fig. 2, B to E; fig. S5; and 
table S4). Therefore, the ability of NKX3.1 to 


induce prostate differentiation requires a func- 
tional DNA binding domain. 

Many of the functions of homeoproteins are 
mediated by protein-protein interactions that 
often occur through the homeodomain (10). 
Among NKX3.1-interacting proteins identified 
by mass spectrometry (Fig. 3A and fig. S6) (8) 
was G9a [also called EHMT2 (euchromatic histone 
lysine N-methyltransferase 2)], a histone methyl- 
transferase that forms a complex with a related 
histone methyltransferase, GLP [also called EHMT1 
(euchromatic histone lysine N-methyltransferase 1)], 
to promote dimethylation of lysine 9 on histone 
3 (H3K9me?2) (11). GYa is essential for embryonic 
development (2) and interacts with other hom- 
eoproteins to mediate differentiation (13, 14). In 
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dependent biological replicates. Statistical analysis was = 
done using a two-tailed t test; data are indicated as mean wy = 
+ SD. (B) Diagram of the experimental design for (C) to (E). =) = 
Human RWPEI cells (C and D) or mouse tissues (E) were 3° 
infected with an NKX3.1-expressing lentivirus, followed by 3 
infection with an sARNA (or controls). Cells were analyzed ® 
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and mouse (E)]. (D) Western blot analysis of RPWE1 cells. 
[(D) and (E)] Representative tissue recombinants of 
human (D) and mouse (E) showing whole-mount, H&E, and 
confocal images of immunofluorescence staining. The ruler 
shows cm scale; scale bars represent 50 um in the H&E 
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images and 20 um in the immunofluorescence images. A 
summary of tissue recombinants is provided in table S4. 
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coimmunoprecipitation assays, NKX3.1 inter- 
acted with endogenous GQa, as well as GLP, 
which requires the homeodomain and is directly 
correlated with DNA binding by NKX3.1 (Fig. 
3B and fig. S7, A to C). In contrast, NKX3.1 did 
not interact with other histone methyltransfer- 
ases, including SUV39HI1 (suppressor of varie- 
gation 3-9 homolog 1), which promotes trimethylation 
of lysine 9 on histone 3 (H3K9me3), and EZH2 
(enhancer of zeste 2), which promotes trime- 
thylation of lysine 27 on histone 3 (H3K27me3) 
(fig. S7, A and B). 

To study the functional relevance of the inter- 
action between NKX3.1 and G9a, we coinfected 
RWPE1 cells with an NKX3.1-expressing lentivirus 
together with a short hairpin RNA (shRNA) to 
deplete G9a (shG9a) or SUV39HI1 (shSUV39H1) 
as a control (Fig. 3, C to E, and fig. $5). These 
shRNAs reduced expression of G9a or SUV39HI1, 
as well as their respective histone marks, H3K9me2 
and H2K9me3, while not affecting expression of 
NKX3.1 (Fig. 3D). However, depletion of G9a, but 
not SUV39H1, impaired the ability of NKX3.1 to 
induce prostate differentiation, as evidenced by 
Western blot analysis of cultured cells, as well as 
prostate growth in the tissue recombinant assay 
in vivo (N = 9 recombinants) (Fig. 3, D and E; 
fig. S5; and table S4). These findings demon- 
strate that the interaction of NKX3.1 with G9a is 
required for induction of prostate differentiation. 

Considering that induction of differentiation 
by NKX3.1 requires its homeodomain and cor- 
responding DNA binding activity (fig. S7), we 
reasoned that these functions are likely to be 
mediated by gene transcription. Among NKX3.1 
target genes that have predicted functions for 
differentiation and are conserved between mice 
and humans (fig. S8) (8), we focused on UTY, using 
EDEM2 as a control. In particular, G9a binds to 
the promoter of UTY, but not EDEM2, which is 
dependent on NKX3.1 binding and is required 
for NKX3.1-mediated up-regulation of UTY expres- 
sion (Fig. 4A and fig. S9). Notably, UTY (KDM6c, 
ubiquitously transcribed tetratricopeptide repeat 
containing, Y-linked) is the male-specific paralog 
of UTX (KDM6a), a histone demethylase that is 
essential for viability and is frequently deregulated 
in cancer (15-17). Although its functions as a 
histone demethylase are uncertain (16), UTY is 
essential for male fertility as well as the de- 
velopment and differentiation of male-specific 
organs (16), and it has been linked to prostate 
cancer (8). 

To study the consequences of UTY depletion 
on prostate differentiation, we coinfected NKX3.1- 
expressing or control RWPE1 cells with an shRNA 
to UTY (shUTY) or EDEM2 (ShEDEM2) as a con- 
trol (Fig. 4, B to D, and fig. S5). Expression of 
these shRNAs reduced expression of UTY or 
EDEM2, respectively, while not affecting expres- 
sion of NKX3.1 (Fig. 4C). Moreover, depletion of 
UTY, but not EDEM2, impaired the ability of 
NKX3.1 to induce prostate differentiation in vitro 
as well as in tissue recombinants in vivo (N = 8 
recombinants) (Fig. 4, C and D, and table S4). 

We next investigated whether Uty is also re- 
quired for prostate specification in vivo by per- 
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forming analogous experiments using the mouse 
tissue recombinant model. Depletion of Uty 
(shUty) in Nkx3.1-expressing SVE abrogated the 
ability of Nkx3.1 to generate prostate, as was evi- 
dent by the resulting tissue recombinants (SVE + 
Nkx3.1 + shUty), which more closely resemble 
seminal vesicle than prostate (V = 8 recombi- 
nants) (Fig. 4E). Moreover, expression profiling 
of tissue recombinants generated from the Uty- 
depleted Nkx3.1-SVE revealed their significant 
enrichment in a gene signature comparing sem- 
inal vesicle versus prostate (fig. S10). 

Cumulatively, our findings support a model in 
which NKX3.1 regulates the expression of a gene 
program associated with prostate differentiation, 
while simultaneously inhibiting the inappropriate 
expression of nonprostatic genes (fig. SILA). In 
particular, Nkx3.1 can respecify a fully differ- 
entiated mouse tissue to form prostate in vivo, 
and its expression in basal-like human prostate 
epithelial cells can promote their differentiation 
to luminal-like cells that form prostate in vivo. 
These functions of NKX3.1 are mediated by the 
coordinate actions of G9a and UTY (fig. SU, A 
and B). Notably, we find that G9a functions as a 
coregulator of NKX3.1, which is associated with 
activation, as well as repression, of NKX3.1 target 
genes. This further underscores the complexity of 
G9a function in transcriptional control. Indeed, 
although G9a is a histone methyltransferase for 
a “repressive” mark, it is active on euchromatin 
(1D, and it has been shown that G9a can repress 
or activate transcription depending on the con- 
text (19, 20). This includes the glucocorticoid 
receptor (21, 22), which also interacts with 
NKX3.1, as assessed by mass spectrometry (fig. 
S6), and has been implicated in drug resistance 
in prostate cancer (23). Thus, we envision that 
our findings presage a role for G9a in both pros- 
tate differentiation and cancer. 

Our findings also shed new light on UTY as 
an essential downstream mediator of NKX3.1 in 
prostate differentiation. Given the importance of 
UTY for male fertility, as well as for differentia- 
tion of male-specific organs (J6, 24), our current 
study provides an example of how, in addition 
to the well-known role of androgen signaling, the 
promotion of “maleness” may be essential for 
prostate differentiation. 

Last, there are still relatively few examples in 
which a single gene can respecify an otherwise 
fully differentiated epithelium to a new fate, as 
we have observed for NKX3.1. Notably, our find- 
ings regarding NKX3.1 in prostate are strikingly 
concordant with the functions of NKX2.] in lung 
differentiation and lung cancer (25-28). In par- 
ticular, loss of function of NKX2.] leads to im- 
paired lung differentiation, which is associated 
with the derepression of an aberrant gene ex- 
pression program (28), while, conversely NKX2.1 
expression is associated with inhibition of lung 
metastases (26, 27). Consistent with the action of 
NKX3.1 in prostate, these actions of NKX2.1 in 
lung are dependent upon its level of expression. 
Thus, these observations suggest that NK-class 
homeobox genes function as key regulators of 
tissue-specific differentiation, as well as key gate- 


keepers whose diminution of expression in spe- 
cific tissue contexts may enhance susceptibility 
to cancer. 
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MUCOSAL IMMUNOLOGY 


Tissue adaptation of regulatory and 
intraepithelial CD4° T cells controls 


gut inflammation 


Tomohisa Sujino,’ Mariya London,’ David P. Hoytema van Konijnenburg,”’” 
Tomiko Rendon,’ Thorsten Buch,” Hernandez M. Silva,* Juan J. Lafaille,* 


Bernardo S. Reis,’* Daniel Mucida’* 


Foxp3* regulatory T cells in peripheral tissues (pT,egs) are instrumental in limiting 
inflammatory responses to nonself antigens. Within the intestine, pT,eg, are located 
primarily in the lamina propria, whereas intraepithelial CD4* T cells (CD4)¢,,), which also 
exhibit anti-inflammatory properties and depend on similar environmental cues, reside in 
the epithelium. Using intravital microscopy, we show distinct cell dynamics of intestinal 
Tregs and CD4j¢.,. Upon migration to the epithelium, Tregs lose Foxp3 and convert to CD4ie.. 
in a microbiota-dependent manner, an effect attributed to the loss of the transcription 
factor ThPOK. Finally, we demonstrate that pTreg, and CD4je,_, perform complementary 
roles in the regulation of intestinal inflammation. These results reveal intratissue 
specialization of anti-inflammatory T cells shaped by discrete niches of the intestine. 


he gut mucosa is exposed daily to large 

amounts of both harmless and potentially 

pathogenic stimuli; hence, diverse immune 

regulatory mechanisms must operate to avoid 

inflammatory diseases (1). Peripheral Foxp3- 
expressing regulatory T cells (pT,.g,) mediate sup- 
pression of a variety of immune cells and actively 
prevent inflammatory bowel diseases and food al- 
lergies (2-7). Similar to pTyegs, Foxp3 CD80.0,"CD4* 
intraepithelial lymphocytes (CD4;¢;,) depend on 
retinoic acid (RA) and transforming growth factor- 
6B (TGF-B) signaling for their development and 
also have anti-inflammatory properties (4, 8-13). 
However, whereas CD41, accumulate in the intes- 
tinal epithelium, few total Tyegs (including PTyegs 
and thymically derived T,,-.,) can be found at this 
site (fig. S1, A and B). We asked whether and how 
the intestinal environment segregates pT,.., and 
CD4rg1;, which transcriptional factors are in- 
volved in this regulation, and what the implica- 
tions are for gut inflammation. 

We used intravital multiphoton microscopy 
(IVM) to investigate whether T,,.,, are actively ex- 
cluded from the gut epithelium. For tracking in 
vivo T;eg dynamics, we used tamoxifen-inducible 
Fo. up. )gCTEEB-eGEP -Rosa2 g!slHtdTomato (iFo wp. gromatoy 
mice (J4), which allow T,,. fate mapping and the 
ability to distinguish between cells that currently 
express and cells that once expressed Foxp3. We 
compared T,,.. movement patterns in these mice 
shortly (24 hours) after tamoxifen administration, 
which allows the visualization of bona fide Ty... 
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(Tomato’), to thymically derived y5 IEL cell move- 
ment patterns (15). We found that more than 80% 
of TCRy8@P cells preferentially remained in the 
epithelium, whereas 68 and 14% of Tomato” cells 
were considered lamina propria and IE residents, 
respectively, throughout the duration of image 
recordings (Fig. 1, A and B, and movies S1 and 2). 
Among the remaining (~18%) migrating Tomato* 
cells, cell tracking indicated that cells moved into 
the epithelial layer from the lamina propria more 
frequently than vice versa (Fig. 1, B and C, and 
movie S2). Because ex vivo analysis of the intesti- 
nal epithelium revealed a low frequency of Foxp3* 
Tregs (fig. S1, A and B), these IVM results sug- 
gested either preferential cell death of Tyegs or 
Tyeg Conversion into another T cell subtype. 
Whereas all T,.., express the CD4-lineage tran- 
scription factor T helper-inducing POZ/Kriippel- 
like factor (ThPOK), CD8a0*CD4* and more than 
50% of Foxp3 CD8a° CD4* cells in the small in- 
testinal epithelium lack ThPOK expression (fig. 
SIC). We thus asked whether down-modulation 
of ThPOK influences CD4* T cell dynamics. We 
performed IVM using an ovalbumin (OVA)-specific 
T cell receptor (TCR) transgenic system (OT-II), in 
which oral OVA exposure leads to incremental 
ThPOK loss by intestinal CD4* T cells (0, 16). To 
visualize T cells upon ThPOK loss, we crossed OT- 
II (Ragr’-) with Thpok®” knockin reporter and 
ubiquitous monomeric red fluorescent protein 
1 (mRFPI) mice. Sorted naive (RFP*GFP*) CD4* 
T cells from OT-II (RFP Thpok“") mice were trans- 
ferred to RagI/~ mice kept on an OVA-containing 
diet for 1 week before IVM analysis. Computation- 
al tracking revealed that ~60% of the transferred 
cells that down-regulated ThPOK (RFP*GFP ), and 
only 20% of ThPOK"" cells (RFP*GFP"), remained 
in the epithelial layer (Fig. 1, D and E, and movie 
$3). Migrating ThPOK™®" cells showed movement 
patterns similar to those of T,,, cells, with pref- 
erential displacement from the lamina propria 


into the epithelial layer, suggesting that part of 
these cells convert into ThPOK"™” cells, or die, in 
that compartment (Fig. IF). These observations 
indicate that loss of ThPOK corresponds to an 
IEL-like behavior in CD4" T cells. Additionally, 
the discrepancy between the capacity of Tyegs to 
visit the intestinal epithelium and their low fre- 
quency in this layer suggests that this environment 
may favor T,.¢ plasticity. 

To directly examine T;eg plasticity in the gut tis- 
sue, we performed T,... fate mapping using naive 
adult Foap3 °F? :Rosa26P4 (Foap3P ®t) mice 
(17). Analysis of peripheral lymphoid tissues iso- 
lated from Foxp3>'®** mice revealed an almost 
complete concurrence between Foxp3 reporter 
(YFP, yellow fluorescent protein) and DsRed ex- 
pression, confirming previously described stabil- 
ity of the T,,., lineage (4, 18). However, more than 
40% of DsRed* CD4* T cells in the small intestinal 
epithelium did not express Foxp3 (YFP ), indicat- 
ing that many T,.g, lost Foxp3 expression (fig. 
S2A). Because previous studies have demonstrated 
that most “ex-Foxp3” cells in the steady state were 
derived from uncommitted precursors that tran- 
siently up-regulated Foxp3 (18), we also performed 
fate mapping after pulse labeling iFoxp3'°™"° mice 
with tamoxifen (/4), a strategy more likely to target 
bona fide T,.., (9). Nevertheless, although stable 
Foxp3 expression was again observed in several 
peripheral tissues examined, more than 50% of 
Tomato* CD4" T cells that accumulated in the 
small intestinal epithelium and almost 10% that 
accumulated in the large intestinal epithelium iso- 
lated from iFoxp3'°™” mice no longer expressed. 
Foxp3 5 weeks after tamoxifen administration 
(fig. S2, B and C). The contribution of Tomato* 
cells to the CD8a.a* and CD8a* CD45; pools was 
roughly 10 and 25%, respectively (fig. S2D). Con- 
sistent with a ThPOK-dependent process, ex-Tyegs 
that underwent IEL differentiation showed low 
amounts of ThPOK (fig. S2E). These results indi- 
cate that a substantial proportion of intestinal 
Tregs physiologically convert to CD4yx15. 

Commensal bacteria play a major role in the 
induction of large intestine lamina propria PpTyegs 
(3, 5-7, 20). In contrast, we observed an increased 
frequency of pTyegs (Neuropilin-1- Foxp3") in the 
small intestinal epithelium isolated from germ-free 
(GF) mice when compared to specific-pathogen- 
free (SPF) controls (Fig. 2A). The total number of 
Tregs in the epithelial compartment was compa- 
rable between GF and SPF mice, even though GF 
mice showed an almost 10-fold reduction in the 
number of intraepithelial CD4* T cells (Fig. 2A). 
Consistent with a reciprocal ThPOK or Foxp3 ex- 
pression and CD4;py, differentiation, we found an 
increased frequency of ThPOK™®" CD4* T cells 
and significantly reduced numbers of CD4y¢;, in 
GF mice (Fig. 2B). We therefore reasoned that 
the instability of T,,,, in the gut epithelium was 
influenced by the microbiota. To address this pos- 
sibility, we treated iFoxp3'™"° mice with broad- 
spectrum antibiotics for 5 weeks, immediately 
after tamoxifen exposure. We observed that micro- 
biota depletion prevented Foxp3 loss within the 
Tomato* CD4" T cell population, resulting in an 


accumulation of T,.., in the epithelial compartment 
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(Fig. 2, C and D). The direct contribution of 
microbial metabolites versus microbial or dietary 
antigens to the differentiation of CD4 yp, Or DT yegs 
occupying the small intestinal epithelium (27) re- 
mains to be fully determined. Nevertheless, pro- 
vision of a TCR ligand can overcome the strict 
microbiota requirement for CD4,,,, differentiation, 
as demonstrated by the relatively normal CD4_,;, 
differentiation in antibiotic-treated OT-II Thpok@” 
Ragt’ mice exposed to oral OVA (fig. S2F). Along 
with the above data, these observations substan- 
tiate a microbial-induced plasticity of T,., cells in 
the epithelium, corroborating intratissue speciali- 
zation and conversion of gut CD4* T cells. 

Next, we analyzed whether the reciprocal prop- 
erties of pTyegs and CD4y,;, were influenced by 
lineage-defining transcription factors. We first 
determined the role of ThPOK by crossing Thpok™" 
(22) with Cd47°"® mice (23) for Thpok depletion 
upon tamoxifen treatment (6) (fig. S3A). In vivo 
administration of tamoxifen to iCd#AThpok) mice 
(16) 1 week before analysis resulted in a 32 to 48% 
reduction in the frequency of Foxp3* T,egs in lym- 
phoid and intestinal tissues, respectively, whereas 
an increase in CD4;¢;, was observed only in in- 
testinal tissues (Fig. 3, A and B). To examine the 
Treg cell-intrinsic nature of these findings, we 
crossed Thpok™" with Foxp3t= 8 (fie, S3B) (16). 
Ex vivo analysis of T cells from iFoxp3(AThpok) 
mice 1 week after tamoxifen treatment did not 
show a significant decrease in amounts of Foxp3 
in the tissues examined, suggesting that ThPOK 
was not required for short-term stability of 


A TCRy5¢FP 


iFo: XD: ZFromato 


the lineage. However, analysis of T cells from 
iFoxp3(AThpok) mice 5 weeks after tamoxifen 
pulse labeling revealed a significant reduction 
in the frequency and amounts of Foxp3 in CD4* 
T cells located in most compartments analyzed, 
with the exception of the large intestine (Fig. 3, 
C and D). Reciprocally, we found an accumula- 
tion of CD4;,;, in the small intestine (Fig. 3, C 
and D). These data further support a ThPOK role 
in the regulation of the T,e, de novo conversion 
and stability. 

To target the CD4y,;, lineage defining tran- 
scription factors, we generated mice with condi- 
tional deletion of Runx3 or Tbx2] (encoding T-bet), 
which mediate down-regulation of ThPOK in 
developing CD4;g1; (9, 10). We analyzed the 
epithelial compartment of Cd4(ARwnx3) mice and 
found a reduction in the frequency and number of 
CD4yp1; and, conversely, enrichment in Tyegs (Fig. 
3E). Next, we analyzed mice in which Tbx21 was 
excised early [driven by 0240“ (24)] or late [driven 
by E8,“° (25)] during the CD4y,;, differentiation 
(16). Ox40(ATbx21) mice also showed reduced 
numbers of CD4;, and roughly a twofold increase 
in Tyegs in the epithelium, whereas E8;(A7bx2)) 
mice showed reduced numbers of CD4y,;, but 
normal numbers of T,.,, in the epithelium when 
compared to Cre” control mice (Fig. 3E). Collect- 
ively, the above data provide a possible mech- 
anism for the reduced number of T,¢g, in the gut 
epithelium, where collaboration between Runx 
and T-bet results in down-modulation of ThPOK, 
and Foxp3, in CD4* T cells (9, 10). 


Oral exposure to TCR ligands results in both pT,x, 
and CD4p,, differentiation in a TGF-B-dependent 
manner (4, 8, 10, 11, 13, 26). We asked whether the 
intratissue adaptation of pT,.,, and CD4yp;, in- 
fluences the outcome of T cell responses to die- 
tary antigens by using a transcription factor-based 
targeting of these lineages in OVA-specific TCR 
transgenic mice on a RagI/~ background (16). 
Conditionally targeting Runx3 in the OT-II model 
[OT-II(ARunx3)] prevented ThPOK loss and CD4rgz, 
differentiation and also affected pT,.. differenti- 
ation in the large intestine, although no differences 
in cytokine production were found when compared 
to control OT-II mice (fig. S4, A to D). Whereas OVA- 
challenged control OT-II mice showed few or no 
signs of intestinal inflammation, OT-II(ARwnx3) 
mice readily developed diarrhea and severe pathol- 
ogy, as confirmed by fecal lipocalin-2 concentra- 
tions (Fig. 4, A to C). We concluded that prevention 
of ThPOK loss and CD4y,;, differentiation resulted 
in a local inflammatory response toward dietary 
antigens, although the reduction in pT,.. numbers 
could also contribute to the exaggerated inflam- 
matory phenotype observed in the large intestine 
of OT-II(ARunx3) mice. In contrast, conditionally 
targeting Thpok by administering tamoxifen to 
OVA-fed iOT-II(AThpok) mice (16) severely impaired 
pTyeg development in all tissues examined with a 
concomitant increase in CD4;g,, in the intestine, 
although no inflammatory phenotype was observed 
(fig. S4, E to G). We then tested whether the OT- 
IIl(ARunx3) disease phenotype could be rescued, 
or prevented, by wild-type or Thpok-deficient 
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Fig. 1. ThPOK levels correlate with reciprocal T,eg and CD4;, localiza- 
tion and migration dynamics in the intestine. (A to F) IVM analysis of 
ileal villi. Mice were injected with Hoechst before imaging to visualize all 
nuclei (blue). Scale bars, 10 um. (A) Time-stacked image of TCRys°"" (left, 
green channel) mice and iFoxp3'™*° (right, red channel) mice, 24 hours 
after tamoxifen administration. Images are representative of 20 to 22 villi 
from at least three independent experiments. (B and C) Frequency of intra- 
epithelial (IE), lamina propria (LP), or migratory TCRy8° and iFoxp3'™"° 
cells. (C) Percentages within migrating cells. (D to F) Sorted naive CD4* T cells 
from OT-Il (RFP Thpok®*P) mice were transferred to Ragl-’- mice, and re- 
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cipient mice were fed an OVA-containing diet for 7 days before IVM analysis. 
(D) Time-stacked image of GFP* (left, green channel and blue channel 
overlay) and GFP* (yellow) and GFP” (red) cells (right, green, red and blue 
channel overlay). Time-stacked images are representative of at least 50 villi 
from four independent experiments. (E) Quantification of tracked GFP* and 
GFP” cell dynamics from four different movies (total six paired villi) in two 
independent experiments. (F) Percentages within migrating cells. Cells were 
tracked with Imaris software (Bitplane UK). Data are expressed as mean + SD 
from three to six independent movies. ns: not significant, *P < 0.05, **P < 
0.01, ***P < 0.001 (Student's t test). 
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OT-II cells (6). We found that transferred wild- 
type CD45.1 OT-II cells, which could differentiate 
to both pTyeg and CD4yx;,, as well as CD4* T cells 
from tamoxifen-treated iOT-II(AThpok) mice, 
which could only differentiate to CD4;,;,;, re- 
scued the diarrhea and inflammatory phenotype 
observed in OT-IT(ARunx3) mice (Fig. 4, B and C, 
and fig. S4, H and I). These data indicate that a 
balance in ThPOK levels regulates inflamma- 
tory, CD4* T cell-mediated responses to die- 
tary antigens. Additionally, these results suggest 
that CD4;p¢;, exert a cell-extrinsic control of 
local intestinal inflammation. 


To investigate whether pT,.., and CD4;,;, play 
complementary anti-inflammatory roles in the in- 
testine, we compared T cell responses to dietary 
OVA using BALB/c background monoclonal OVA- 
specific TCR strains, carrying either wild-type 
Foxp3 or a scurfy mutation (Foxp3") (16), which 
results in a Foxp3 loss of function (27). In con- 
trast to OT-II mice (C57BL/6 background), TBmc 
Foxp3™ mice fed an OVA diet showed a high rate 
of pTyeg induction in all tissues examined, but 
less ThPOK loss and fewer CD4;,;, in the epithe- 
lium (fig. S4, A to C and J to N). Conversely, TBmc 
Foxp3" showed a high degree of ThPOK loss and 


increased CD4;;;, development in the small intes- 
tine, with a frequency that mirrored the relative 
amounts of pT,.., in TBme Foxp3™ mice (fig. 54, 
J to N). However, no inflammatory phenotype or 
diarrhea was observed, even in the absence of 
functional Foxp3 in this monoclonal model (Fig. 
4, D to F). To examine whether exaggerated CD45, 
differentiation could compensate for the absence 
Of pTyeg, in TBme Foxp3” mice, we depleted CD43 5 
using antibodies against CD8«. (anti-CD8a) during 
OVA feeding (fig. S4, M and N). We found that 
TBmc Foxp3* mice treated with anti-CD8qa, but not 
TBmc Foxp3™ treated with anti-CD8a or TBmc 
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Fig. 2. Microbiota-dependent plasticity of T,.2, in the intestinal epithe- 
lium. (A and B) Flow cytometry analysis of lymphocytes from spleen (spl), 
mesenteric lymph nodes (MLN), and small intestine epithelium (IEL) of wild-type 
C5/7BL/6 mice maintained under specific pathogen-free (SPF) or germ-free 
(GF) conditions. (A) Surface neuropilin-1 (Nrp-1) and intracellular Foxp3 expres- 
sion by TCRB*CD4*CD88° cells. Bar graphs represent frequency and total number 
of Foxp3" (left) or Foxp3*Nrp-l (pTregs) (right) among TCRB*CD4*CD8p cells. 
Total cell number for T cell populations isolated from the sIELs is also shown. 
(B) Surface CD8a and intracellular ThRPOK expression by TCRB*CD4*CD8p— 
cells. Bar graphs represent frequency and total number of CD8a* (left) or 
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ThPOK"®" (right) among TCRB*CD4*CD88° cells. Data are expressed as mean + 
SD of individual mice (n = 6), representative of three independent experi- 
ments. (C and D) Flow cytometry analysis of lymphocytes from spl, mLN, and 
small intestine IEL of Foxp3CreEReSFP-Rosazgisttdtomato (jFoxp3!™") mice 
treated with tamoxifen and maintained with broad-spectrum antibiotics for 
5 weeks (ABX) or sucralose (Control). (C) Surface CD8a and Tomato expres- 
sion or intracellular Foxp3 among TCRB*CD4* cells. (D) Frequency of Foxp3* 
(black) and Tomato” (white) among TCRB*CD4* cells in each tissue. Data are 
expressed as mean + SD of individual mice (n = 3), representative of three 
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (Student's t test). 
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Fig. 3. ThPOK expression by intestinal epithelial CD4* T cells plays a key 
role in the reciprocal development of T,.g, and CD4j_,,. (A to D) Flow 
cytometry analysis of lymphocytes from spleen (spl), mesenteric lymph 
nodes (mLN), small and large intestine epithelium (IEL), and lamina propria 
(LPL) of inducible conditional Thpok-deficient mice. (A and B) Ca4°reER: 
Thpok™" [iCd4(AThpok)] and (Cre~) Thpok'' littermate control mice 7 days 
after tamoxifen administration. (A) Representative contour plot for surface 
CD8a and intracellular Foxp3 among TCRB*CD4*CD88° cells. (B) Frequency 
of CD80* (upper) and Foxp3* (lower) among TCRB*CD4*CD8Bp" or among 
total CD45* cells in the indicated tissues. Data are expressed as mean + SD 
of individual mice (n = 3 to 6), representative of six independent experiments. 
(C and D) Foxp3°'°™?:Thpok™" [iFoxp3(AThpok)] and (Cre*)Thpok*”* litter- 
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mate control mice 7 days [shown in (D)] or 35 days after tamoxifen admin- 
istration. (C) Representative contour plot for surface CD8«a and intracellular 
Foxp3 among TCRB*CD4*CD88° cells. (D) Frequency of CD8a* (upper) and 
Foxp3* (lower) among TCRB*CD4*CD8p" or among total CD45* cells in the 
indicated tissues. Data are expressed as mean + SD of individual mice (n = 3 
to 8), representative of three independent experiments. (E) Frequency and 
total number of CD8a* and Foxp3* among TCRB*CD4*CD8B° cells from 
sIEL of Ox40(ATbx21), Cd4(ARunx3), E8,\(ATbx21), and wild-type (WT) mice. 
Data are expressed as mean + SD of individual mice (n = 3 to 9), rep- 
resentative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 
0.001 [Student's t test (B), one-way analysis of variance (ANOVA) with 
Tukey post-test (D, E)]. 


Foxp3" treated with control antibodies, showed 
severe intestinal inflammation and diarrhea (Fig. 
4, D to F, and fig. S40). These results support a 
model in which CD4y,;, and pT,eg, cooperate in 
the regulation of local intestinal inflammation. 
The single-layered intestinal epithelium consti- 
tutes a uniquely challenging location for immune 
regulatory processes, given its proximity to highly 
stimulatory luminal contents and limited spatial 
organization. It is currently thought that T,.., use 
several redundant and complementary mech- 
anisms to suppress inflammatory responses, and 
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their capacity to sense specific environmental cues 
plays a major role in their function (28-30). The 
physiological instability that we observe in the 
Tyeg lineage within the intestinal epithelium may 
represent an important modulation of regulatory 
activity that is coordinated by this particular envi- 
ronment (3, 20, 28, 31, 32). Although our targeting 
strategies do not discriminate between the func- 
tion of “ex-Tyeg,” and “directly converted” CD4E15, 
natural or forced ThPOK down-modulation was 
previously associated with an impaired helper 
function in CD4* T cells, including reduced pro- 


duction of proinflammatory cytokines and reduced 
expression of costimulatory molecules (8, 10, 33). 
The data presented here support a cell-extrinsic 
suppressive role for CD4;¢;,, although the likely 
epithelium-specific mechanism used by these cells 
to actively regulate or prevent tissue inflamma- 
tion remains unclear. However, a role for CD41, 
in triggering inflammation via their cytotoxic ac- 
tivity, in specific contexts, is conceivable (8, 34). 
Nevertheless, the observation that particular 
environmental cues, such as the microbiota, in- 
duce plasticity of seemingly stable lymphocyte 
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Fig. 4. Complementary roles for pT,.g, and CD4;.,, in regulating local 
inflammatory response toward dietary antigens. OVA-specific TCR 
transgenic mice (Ragl’’~ background) were fed an OVA-containing diet 
for 7 days. (A to ©) ThpokSFP OT-II(ARunx3) and control Thpok¢™® OT-II mice 
were analyzed. (A) Hematoxylin and eosin staining of the small intestine 
jejunum (SI) (upper panels) and the large intestine colon (LI) (lower panels). 
Original magnification, 40x. Graphs represent histological scores of the SI 
(upper) and the LI (lower) (each symbol represents one mouse). (B and C) 
Sorted naive OVA-specific TCR transgenic cells (TCRVa2*CD4*CD62L*CD44'™) 
from wild-type CD45.1 OT-Il or tamoxifen-treated iOT-Il(AThpok) were trans- 
ferred to host OT-II(ARunx3) before treatment, as in (A). (B) Frequency of 
diarrhea-free mice after oral OVA challenge. (C) Quantification of fecal 


Lipocalin-2. (D to F) TBmc Foxp3"' (scurfy) and TBmc control were treated 
as in (A) and injected with isotype control or anti-CD8a depleting antibody. 
(D) Hematoxylin and eosin staining of the SI (upper) and the LI (lower). 
Original magnification, 40x. Graphs represent histological scores of the SI 
(upper) and the LI (lower) (each symbol represents one mouse). (E) Fre- 
quency of diarrhea-free mice after oral OVA challenge. (F) Quantification of 
fecal Lipocalin-2. Data are expressed as mean +SD or median + interquartile 
range (A and D), representative of at least two independent experiments 
(n = 3 to 8 per group). Scale bar, 200 um. *P < 0.05, **P < 0.01, ***P < 
0.001 [Student's t test or Mann-Whitney test (A), one-way ANOVA with 
Tukey post-test (C and F), log-rank test (B and E), and Kruskal-Wallis with 
Dunns post-test (D)]. 
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NEUROGENOMICS 


Neuronal subtypes and diversity 
revealed by single-nucleus RNA 
sequencing of the human brain 


Blue B. Lake,’ Rizi Ai,2* Gwendolyn E. Kaeser,”’** Neeraj S. Salathia,** Yun C. Yung,” 
Rui Liu,’ Andre Wildberg,” Derek Gao,’ Ho-Lim Fung,’ Song Chen,’ 

Raakhee Vijayaraghavan,” Julian Wong,® Allison Chen,” Xiaoyan Sheng,” Fiona Kaper,” 
Richard Shen,” Mostafa Ronaghi,” Jian-Bing Fan,’{+ Wei Wang,”+ 


Jerold Chun,*} Kun Zhang"+ 


The human brain has enormously complex cellular diversity and connectivities fundamental to our 
neural functions, yet difficulties in interrogating individual neurons has impeded understanding 
of the underlying transcriptional landscape. We developed a scalable approach to sequence 
and quantify RNA molecules in isolated neuronal nuclei from a postmortem brain, generating 
3227 sets of single-neuron data from six distinct regions of the cerebral cortex. Using an iterative 
clustering and classification approach, we identified 16 neuronal subtypes that were further 
annotated on the basis of known markers and cortical cytoarchitecture. These data demonstrate 
a robust and scalable method for identifying and categorizing single nuclear transcriptomes, 
revealing shared genes sufficient to distinguish previously unknown and orthologous neuronal 
subtypes as well as regional identity and transcriptomic heterogeneity within the human brain. 


Ithough substantial progress has been 
achieved in mice (J-3), comprehensive clas- 
sification of adult human brain neurons on 
the basis of their single-cell transcriptomes 
has yet to be realized. Examination of in- 
dividual neuronal gene expression profiles for 
functional patterns could provide unbiased in- 
sights into subtypes from defined neuroanatomical 
regions, which are missed by gross anatomical 
studies that report limited transcriptomic differ- 
ences across the neocortex (4-7). Previous analyses 
of single adult human neurons have been depen- 
dent on methods compatible with freshly isolated 
neurosurgical tissues (8), which can be difficult 
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to obtain, with limited regional sampling and 
depth. In contrast, postmortem tissues provide a 
vastly more accessible source of both normal and 
diseased brain, in which challenges to interrogating 
single neuronal genomes can be overcome by 
using single nuclei (9, 10) combined with RNA 
sequencing. Here, we report the development of a 
scalable pipeline from postmortem brain through 
nuclear transcriptome analyses that identifies 
both known and previously unknown neuronal 
subtypes across the cerebral cortex in humans. 
With the goal of defining transcriptomic profiles 
of single neurons, neuronal nuclear antigen (NeuN) 
was used (9) to isolate neuronal nuclei (fig. S1) 
from the postmortem brain of a normal, 51-year-old 
female (Fig. 1A). We focused on six classically 
defined Brodmann Areas (BAs) with well-documented 
anatomical and electrophysiological properties that 
were derived from a single cortical hemisphere be- 
cause interhemispheric and interindividual tran- 
scriptome differences were reported to be minimal 
(4-7). Isolation of nuclei was used to reduce tran- 
scriptomic contamination from other cells or 
degradation encountered with whole-neuron dis- 


sociation or laser caption microdissection (fig. S2). 
Furthermore, sequencing of RNA from single nuclei 
on a limited scale has found gene expression values 
comparable with that of the whole cell (17, 12). 
Therefore, we developed and implemented a highly 
scalable, single-nucleus RNA sequencing (SNS) 
pipeline (13) (Fig. 1A and figs. S1 and S3 to S8) that 
has broad applicability for postmortem brains 
derived from multiple brain banks or repositories 
(fig. S4F). 

Using this pipeline, we processed 86 Fluidigm 
Cl chips and sequenced 4488 single nuclei to an 
average depth of 8.34 million reads (table S1 and 
fig. S5). Genomic mapping rates revealed a high 
proportion of reads that corresponded to intronic 
sequences (Fig. 1A and fig. S5A). The low percent- 
age of intergenic reads argues against possible 
genomic contamination. Instead, the intronic reads 
likely captured an abundance of nascent RNA 
transcripts present in the nuclei. Intronic reads 
can be used to predict de novo expression (/4), as 
well as whole-cell gene transcription levels (15). 
Additionally, our single-nuclei expression data in- 
clusive of intronic reads accurately predicted cel- 
lular identity (fig. S7), providing initial validation 
for our SNS pipeline. 

After quality filtering, including removal of 
doublets misclassified as single nuclei (Fig. 1A and 
fig. S6) (13), we achieved 3227 data sets across the 
six cortical regions (Fig. 1A and table S2). To identify 
neuronal subtypes, we developed a clustering and 
classification strategy that was capable of resolving 
17 clusters (fig. S8A) (73) on the basis of differential 
expression of neuronally annotated marker genes 
(tables S3 and S4 and fig. S8B). These clusters 
showed distinct subgroup aggregation (Fig. 1B and 
fig. S9A) and specific gene expression profiles asso- 
ciated with neuronal ontologies (Fig. 1C, fig. S9B, 
and tables S5 and S6). With the exception of a 
single cluster (NON, n = 44 data sets) deriving from 
one Cl chip having reduced mapping rates, 16 of 
these clusters were generated independent of de- 
tectable batch effects (table S2 and fig. S10). Dif- 
ferential expression of inhibitory markers associated 
with GABAergic interneurons (table S3) distin- 
guished potential inhibitory (In) from excitatory 
(Ex) neuronal subtypes (Fig. 1B), which is con- 
sistent with mutually exclusive positivity of asso- 
ciated marker genes using a fraction of positive 
(FOP) thresholding method (Fig. 2A) (2). As such, 
our data set first differentiated two major classifi- 
cations within the cerebral cortex: 972 inhibitory 
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neurons that generally encompass interneurons and 
2253 excitatory neurons that generally encompass 
pyramidal or projection neurons (/6). Furthermore, 
each subgroup within these classifications showed 
distinct contributions from each brain region 
(Fig. 2A and table $7), likely reflecting varied pro- 
portions of these neuronal subtypes across BAs, 
with most variability present in the visual cor- 
tex (BA17), which is known to have distinct cyto- 
architecture and gene expression profiles (7, 17). 

In order to further annotate inhibitory neuron 
subtypes, we examined expression of known marker 
genes associated with cortical layers, developmental 
origin, and interneuron classification (Fig. 2B) (13). 
On the basis of in situ human brain expression 
data (fig. S11) (77), our inhibitory neuron subtypes 
were found to distribute spatially from the pial 
surface (most superficial boundary) to white matter 
(deepest boundary) of the neocortex and could 
be grouped by the developmental origin of inter- 
neurons from subcortical regions of the medial, 
lateral, or caudal ganglionic eminences (MGE, LGE, 
or CGE) (Fig. 2B) (18, 19). Furthermore, distinct 
profiles of interneuron classification markers re- 
vealed subtypes that parallel those identified from 
the mouse somatosensory cortex (Fig. 2, B and C, 
and fig. S12A) (3). Cortical regional heterogeneity 
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© Ex4 Fig. 1. SNS identified 16 neuronal subtypes over six neocortical regions. 
x ae (A) Overview of SNS pipeline. Postmortem tissue from BAs 8, 10, 17, 21, 22, and 41/42 
© EX7 were dissociated to single nuclei for NeuN* and 4’,6-diamidino-2-phenylindole* (DAPI*) 
© Ex8 sorting and capture on C1 chips. Resultant libraries were sequenced, mapped to the 
e int reference genome (pie chart showing averaged proportions), and screened for doublet 
» In2 removal before clustering and classification. BA proportions are shown. FC, frontal 
: sed cortex; TC, temporal cortex; VC, visual cortex. (B) Neuronal subtypes (Ex and In) shown 
e Ind with multidimensional plotting by using 10-fold or greater differentially expressed genes 
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Ins distinct marker gene expression (table S5). 
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within subtypes was also observed, as evident by 
a layer 3 population (In4) that showed a specific 
absence of RELN/SST expression in BA17 (Fig. 2C 
and fig. S11, B and D). As such, our data distin- 
guished inhibitory neuron subtypes having hetero- 
geneous distributions within the neocortex. 

Most excitatory cortical projection or pyram- 
idal neurons can be categorized by their layer 
position established during neocortical develop- 
ment (17) combined with their axonal projections 
(Fig. 3A) (6). Our excitatory neuron subgroups, 
which were also in high concordance with sub- 
types identified in mice (fig. S12B) (3), expressed 
known markers associated with a superficial-to- 
deep cortical distribution (Fig. 3, B to D, and fig. S13) 
(13), with more than one subtype occupying most 
layers. Our data set was able to resolve cortical 
region specificity, as seen for the BHLHE22-positive 
(Fig. 3C and fig. S13, A and D) layer 4 subtypes Ex2 
and Ex3 (Fig. 4A), where Ex2 derived predom- 
inantly from rostral regions, BA8 and BA10, and 
Ex3 from caudal regions, BA17 and BA41/42 (Figs. 
2A and 4B). Consistently, these subgroups showed 
distinct gene expression (Fig. 4C and table S8) as- 
sociated with neuronal electrophysiology and con- 
nectivity (table S9). Furthermore, we were able to 
resolve intrasubtype heterogeneity, in terms of BA- 


specific expression patterns, which was observed in 
all subtypes (Fig. 4B), such as within the Ex3 sub- 
type between BA17 and BA41/42 regions (Fig. 4, B 
and D, and table S10). As such, regional neuro- 
physiological differences in cortical regions may be 
attributed to not only variations in the propor- 
tions of interneuron and projection neuron subtypes, 
but also to cell-intrinsic transcriptomic differences 
among single neurons within a subtype. Con- 
sistent with this possibility, we found that genes 
having known variability between the visual and 
temporal cortices from in situ hybridization (ISH) 
studies (17) also had transcriptomic differences 
that could be attributed to subtypes defined by 
our data set (fig. S14A and table S11) (73). There- 
fore, our data highlight subtle yet region-defining 
gene expression signatures among specific neuro- 
nal subtypes that could not be detected from 
bulk analyses (fig. S14B). 

To further understand the extent of hetero- 
geneity that may exist within subtypes, we iden- 
tified genes varying globally (table S12 and fig. S15A) 
or expressed differentially within each BA (table 
$13 and fig. S15B) for each subgroup. Although a 
subset of In and Ex subgroup-variable genes was 
associated with differential expression between brain 
regions, a large proportion were distinct (fig. S15C). 
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Fig. 2. SNS reveals distinct interneuron subtypes. (A) Pie charts display 
relative proportions of subtypes among BAs and FOP heatmaps for In and Ex 
marker genes. (B) Diagram of subpallial origins of interneurons from either the 
LGE or MGE with FOP heatmaps [scale as in (A)] for marker genes associated 
with cortical layer (L) (top), subpallial origin (middle), and interneuron classi- 
fication (bottom). Potential interneuron subtypes are indicated below. SOM, 
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somatostatin or SST; NPY, neuropeptide Y; CB, calbindin-D-28k or CALBI; VIP, 
vasoactive intestinal peptide; RELN, reelin; nNOS, neuronal nitric oxide synthase 
or NOSI; PV, parvalbumin or PVALB; CCK, cholecystokinin; NDNF, neuron-derived 
neurotrophic factor; CRHBP, corticotropin releasing hormone binding protein. 
(C) Violin plots showing select marker gene expression values by BA [colors as in 
(A)] for each inhibitory neuron subtype. nGenes, total number of genes identified. 
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Fig. 3. Excitatory neuronal subtypes show distinct 
spatial organization. (A) Schematic of the prefrontal 
cortex showing projection neuron layers (L) and ex- 
pected axonal projection destinations (layer 4 granule 
neurons typically receive outside inputs for distribu- 
tion of signals locally). (B) FOP heatmap (scale as in 
Fig. 2A) for layer-specific marker genes showing ex- 
pected cortical layer identity (L2-L6b) and excitatory 
neuron subclassification. CPN, cortical projection neu- 
ron; GN, granule neuron; SCPN, subcortical projection 
neuron; CThHPN, corticothalamic projection neuron. 
(C) Violin plots showing selected marker gene ex- 
pression values by Ex subtype and BA represented 
by colors (Fig. 2A). nGenes, total number of genes iden- 
tified. (D) RNA ISH showing layer-specific expression 
of selected markers in the temporal cortex (Allen 
Human Brain Atlas, table S11). 


Fig. 4. Neuronal subtypes reveal heterogeneity 
among BAs. (A) Multidimensional plot showing pro- 
jection neuron subtypes distributed according to 
their predicted cortical layer (L) identity. Layer 4 Ex2 
and Ex3 subtypes are indicated. (B) Clusters shown 
in (A) colored by BA and with BA41/42 and BA17 sub- 
populations of Ex3 indicated. (C) Violin plots show- 
ing differentially expressed genes between Ex2 and 
Ex3 subtypes (table S8). (D) Heatmap showing genes 
differentially expressed between BAI7 and BA41/42 
within the Ex3 subtype (table S10). 
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Therefore, the potential exists for not only intra- 
regional cortical transcriptomic differences, but 
also further intrasubtype heterogeneity. This might 
reflect a technical need for increased sampling 
depth for further subtype resolution, yet may also 
indicate the potential for even more diversity 
within subtypes associated with a broader range 
of individualized neuronal activities. Consistent 
with these observations, proportions of subgroup- 
variable genes were associated with neuronal sub- 
type classification, postsynaptic function, and known 
regional expression variability (fig. SI5C). These 
data support further local and regional functional 
heterogeneity existing among defined subtypes. 

Our results demonstrate that postmortem SNS 
can identify expected and previously unidentified 
neuronal subtypes that provide insight into brain 
function through distinct profiles of activity- 
defining genes (fig. S16 and table S14). Furthermore, 
given that only a very small subset of layer-specific 
markers used in our analyses (CARTPT, CHRNA7, 
PDYN, and RELN) was found to have ISH differ- 
ences between individual donors (77), our subtypes 
can be expected to be globally representative. In- 
deed, our subtypes remain highly conserved in 
mice (3), with differences highlighting evolutionary 
changes in potential orthologs (fig. S12). Our data 
sets reveal shared gene expression signatures that 
can distinguish subtypes and regional identity, 
supporting a transcriptional basis for well-known 
differences in cortical cytoarchitecture. Additional 
heterogeneity found within single neuronal tran- 
scriptomes may further reflect activities of complex 
neuronal networks that vary with function and 
time, as well as underlying genomic mosaicism that 
exists in human cortical neurons (J0, 20-23). Our 
study thus lays the groundwork for high-throughput 
global human brain transcriptome mapping using 
nuclei derived from readily available postmortem 
tissues for analyses of normal individuals, as 
assessed here, as well as myriad diseases of 
brain and mind. 
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Synthetic evolutionary origin of a 
proofreading reverse transcriptase 


Jared W. Ellefson,* Jimmy Gollihar, Raghav Shroff, Haridha Shivram, 


Vishwanath R. Iyer, Andrew D. Ellington* 


Most reverse transcriptase (RT) enzymes belong to a single protein family of ancient 
evolutionary origin. These polymerases are inherently error prone, owing to their lack of a 
proofreading (3'- 5’ exonuclease) domain. To determine if the lack of proofreading is a 
historical coincidence or a functional limitation of reverse transcription, we attempted to 
evolve a high-fidelity, thermostable DNA polymerase to use RNA templates efficiently. The 
evolutionarily distinct reverse transcription xenopolymerase (RTX) actively proofreads on 
DNA and RNA templates, which greatly improves RT fidelity. In addition, RTX enables 
applications such as single-enzyme reverse transcription—polymerase chain reaction and 
direct RNA sequencing without complementary DNA isolation. The creation of RTX 
confirms that proofreading is compatible with reverse transcription. 


he molecular basis for life rests on the in- 

formation flow between DNA, RNA, and pro- 

teins (J). Early notions of a unidirectional 

central dogma were amended after the dis- 

covery of the reverse transcriptase (RT) en- 
zyme (2, 3). The RT family has a single ancient 
evolutionary origin based on amino acid homol- 
ogy and the presence of RT across multiple do- 
mains of life (4). RTs are involved in processes 
such as telomere addition, mitochondrial plasmid 
replication, transposition, and the proliferation of 
retroviral genomes (5). It is also hypothesized to 
be the catalyst in the transition of the RNA to 
DNA world by providing an avenue to copy RNA 
into more stable DNA genomes (6). 

The progenitor of RT is postulated to be an 
RNA-dependent RNA polymerase. Because RNA 
polymerases generally lack an error-checking 3’- 
5’ exonuclease domain (4, 7), proofreading activity 
is also not present across the RT family, resulting 
in low-fidelity reverse transcription and charac- 
teristic quasispecies behavior in organisms that 
rely upon it for replication (8). In contrast to RTs, 
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other DNA polymerase families have evolved ex- 
quisite proofreading mechanisms to increase DNA 
synthesis fidelity during genome replication (9). 
To determine whether the evolutionary divide 
between RTs and DNA polymerases is a matter 
of history or function, we have attempted to 
directly evolve a reverse transcription xenopo- 
lymerase (RTX; Fig. 1A) from an error-correcting 
DNA polymerase using a modified directed 
evolution strategy (J0), reverse transcription- 
compartmentalized self-replication (RT-CSR) (Fig. 
1B). RT-CSR enables the simultaneous screening 
of up to 10° polymerase variants for RT activity. 
We chose the Archaeal family-B DNA poly- 
merases (polB) for directed evolution of the RTX 
as they are monomeric, hyperthermostable, high- 
ly processive, and contain proofreading domains. 
Attempts to rationally design these enzymes to 
use RNA templates have met with limited suc- 
cess (JI, 12), and initial experiments confirmed 
that two common polB enzymes from Pyrococcus 
Suriosus and Thermococcus kodakarensis (KOD) 
(13, 14) failed to polymerize across five template 
RNA bases (fig. S1). Modeling to identify mutations 
enabling RT activity was deemed impractical, 
given the extensive contacts these polymerases 
make with the template (>50 direct interactions). 
We initiated evolution using low-stringency RT- 
CSR (10 RNA residues) with a random library 


sciencemag.org SCIENCE 


Downloaded from http://science.sciencemag.org/ on June 28, 2016 


RESEARCH | REPORTS 


(one or two amino acid mutations per gene) of 
KOD polymerase variants. As polymerases were 
enriched, we gradually increased RT-CSR strin- 
gency with the stepwise addition of RNA bases 
into primers (table S1). By cycle 18, primers were 
entirely composed of RNA—requiring reverse tran- 
scription of 176 residues to occur every thermal 


cycle to maintain exponential amplification in 
the emulsion polymerase chain reaction (PCR). 

Profiling of polymerases revealed one variant, 
B11, which contained 37 mutations. RT-CSR en- 
riched for RT activity, and B11 was capable of 
reverse transcription of at least 500 base pairs; 
however, sequencing and testing confirmed in- 


activation of the proofreading domain (fig. $2). 
Kinetic analyses established that B11 uses both 
DNA and RNA templates with similar efficien- 
cies by greatly lowering the Michaelis constant 
(Km) on RNA:DNA heteroduplexes. We attemp- 
ted to restore proofreading by transplantation of 
the wild-type 3’-5’ exonuclease, which reactivated 
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Fig. 1. Evolution of a synthetic family of reverse transcriptases by RT-CSR. (A) Polymerase phylogeny depicts reverse transcription xenopolymerases 
(RTX) as a second, evolutionarily distinct, origin of RT function. (B) Framework for the directed evolution of hyperthermostable RT using reverse transcription 
compartmentalized self-replication (RT-CSR). Libraries of polymerase variants are created, expressed in Escherichia coli, and in vitro compartmentalized. During 
emulsion PCR, primers flanking the polymerase enable self-replication but are designed with a variable number of RNA bases separating the plasmid annealing 
portion from the unique recovery tag. 
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Fig. 2. Molecular checkpoints involved in template recognition. (A) Structural heat map of mutated residues over the RT-CSR process. Conserved mutations 
are colored incrementally darker shades of red to indicate frequency in the polymerase pool. Amino acid residues that were mutated in more than 50% of the population 
are labeled. [Figure was adapted from KOD structure PDB 4K8Z.] (B) Computer modeling of KOD (gray) and RTX mutations (orange) at checkpoints responsible for 
DNA and RNA template recognition at R97, Y384, and E664. Free-energy changes between wild-type KOD and RTX mutations are inlet displayed. Single-letter 
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Fig. 3. RTX polymerase proofreads during reverse transcription. (A) Primer extension reactions of KOD and RTX polymerases and their proofreading-deficient 
counterparts (exo-), on both DNA and RNA templates. Extension reactions were performed with matched 3’ primer:templates (gray) or a 3’ deoxy mismatch (orange), which 
must be excised before extension can proceed. The primer is denoted by a gray arrow, extended product is in green, and exonuclease-degraded primer is in red. (B) Deep 
sequencing of reverse transcription reaction on HSPCB gene. The overall error rate was determined by dividing the sum of base substitutions and insertions 
or deletions by the total number of bases sequenced. The error profile of MMLV, RTX, and RTX exo- is shown as frequency of errors per million bases sequenced. 


proofreading capabilities, albeit to barely detect- 
able levels. Encouraged that minimizing extra- 
neous mutations could restore proofreading activity, 
we sought to design polymerases with a minimal 
set of mutations. 

To understand how our process reshaped KOD 
polymerase to use RNA templates, we deep- 
sequenced RT-CSR cycles to recapitulate the evo- 
lutionary path to RT activity (Fig. 2A and table S2). 
Mutations were identified throughout the poly- 
merase and accumulated along the template- 
binding interface so as to progressively increase 
the length of RNA that could be accommodated. 
The mutated positions are hypothesized to be 
molecular checkpoints used to enforce strict DNA 
template utilization: as the template enters, near 
the active site, and at the nascent duplex. Given 
the likely importance of these regions, we used 
computer modeling to determine the molecular 
basis for RNA utilization (figs. S3 and S4). 

The first selected mutation localized near the 
template entry site of the polymerase at position 
R97 (Fig. 2B). Proximal to this site, native polB 
scans for uracils (typically caused by cytosine de- 
amination) by flipping template bases into a 
specialized pocket to halt polymerization until 
the mutation can be corrected by repair machin- 
ery (15, 16). Evolved polymerases contained a 
variety of amino acid mutations at R97, all of which 
destabilize a salt bridge to the phosphate back- 
bone that presumably regulates base flipping into 
the pocket. 

As template residues near the active site, they 
encounter mutation Y384H, which prevents Y384 
and Y494 from hydrogen bonding to the 2' hy- 
droxyl of template RNA by reorganizing a hydro- 


gen bonding network. After polymerization, in 
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the thumb domain, the most prevalent mutations 
(E664K, G7IIV, and E735K) promote tighter homo- 
and heteroduplex binding in both A- and B-form 
conformations. The E664K mutation alone has 
been shown to increase binding to RNA:DNA 
heteroduplexes (17). To further validate that we 
had established an optimized set of mutations, 
we fully randomized several positions and re- 
peated the RT-CSR. In support of our modeling, 
many amino acids solutions were viable at posi- 
tion R97, but other positions (Y384 and E664) 
had strong preferences for particular amino acids 
(fig. S5). 

Modeled designs of several polymerases with 
favorable RT mutations were synthesized and 
tested empirically (fig. S6). The best-performing 
RTX contained fewer than half the mutations 
found in B11, without sacrificing catalytic effi- 
ciency or K,, on RNA (fig. S7). Mutations in RTX 
did not affect desirable properties of parental 
KOD polymerase. Thermostability was maintained, 
with optimal RT occurring at ~’70°C, and conse- 
quently RTX was capable of single-enzyme RT-PCR 
(in which RTX performs both first-strand RT syn- 
thesis and PCR amplification). Across several RNA 
samples and gene loci, RTX demonstrated high 
processivity on RNA templates, performing RT-PCR 
on RNAs more than 5 kb in length (fig. $8). 

Initial testing of RTX using dideoxy mismatch 
primers in PCR demonstrated robust proofread- 
ing activity on DNA template (fig. S9), but it was 
unclear whether the proofreading mechanism 
was compatible during reverse transcription be- 
cause RNA:DNA heteroduplexes can adopt A-form 
helical structures (18). Primer extension reactions 
with a canonical matched base pair or a 3’ deoxy 


mismatched pair (preventing extension until ter- 


minator excision) were tested. Both wild-type KOD 
and RTX were capable of extending mismatched 
primers on DNA templates, unlike exonuclease- 
deficient mutants. When tested on an RNA tem- 
plate, KOD’s exonuclease was stimulated—actively 
degrading the priming oligonucleotide. In con- 
trast, RTX could extend the mismatched primer 
with activity indistinguishable from that of DNA 
templated proofreading (Fig. 3A). 

Given that RTX is capable of proofreading 
during reverse transcription, we hypothesized that 
it may have increased RT fidelity compared to 
natural polymerases. Barcoded primers used dur- 
ing RT of several human mRNAs allowed multiple 
reads of a single cDNA during deep sequencing— 
reducing background sequencing errors by several 
orders of magnitude (fig. S10) (19). Sequencing 
analyses revealed that the control retroviral RT 
[Moloney murine leukemia virus (MMLV)] had 
an error rate of 1.1 x 10°* to 4.8 x 10-*, whereas 
RTX had an error rate of 3.5 x 10~° to 3.7 x 10°° 
(3- to 10-fold lower) (Fig. 3B). The mutational 
spectra of RTX favored G-to-A transitions and G- 
to-T transversions, which accounted for nearly 
half the observed mutations. Inactivating the RTX’s 
proofreading capabilities increased error frequen- 
cy nearly threefold, supporting evidence that 
active proofreading was occurring during RT. 
Inactivating the proofreading of RTX shifted the 
mutational bias (Fig. 3B and table S3). Given that 
the barcoding error detection limit is identical to 
the observed error of RTX (table S3) (19), we an- 
ticipate the true error rate for RTX to be even 
lower than reported. 

RTX has the potential to streamline workflows 
(combining RT and PCR steps) and increase the 
precision of transcriptomics, reducing biases and 
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errors introduced in the reverse transcription step 
of RNA-sequencing protocols (20). To demon- 
strate its utility, we introduced RTX into a com- 
monly used platform for RNA sequencing. Analysis 
revealed nearly identical coverage and expres- 
sion profiles (fig. S11), suggesting that RTX is 
compatible with established workflows. In addi- 
tion, we developed a more streamlined protocol 
to directly sequence RNA. Using a traditional Sanger 
sequencing approach (21), we directly sequenced 
a GATC, RNA repeat (fig. $12). Direct RNA se- 
quencing should be adaptable to single-molecule 
sequencing platforms, enabling high-throughput 
and high-fidelity sequencing of complex RNA sam- 
ples by eliminating the biases created in cDNA 
synthesis and subsequent amplification. 

The expanded template specificity of the RTX 
lineage may presage the ability to use entirely 
new chemistries in genetics. Primer extension re- 
actions were performed on a ribose sugar analog 
[2' O-methyl (Me) DNA] that indicated that RTX 
reverse transcription could extend alternative tem- 
plates but with much lower efficiency, indicating 
a preference for RNA substrates (fig. S13). How- 
ever, RTX was still far more efficient at using 2'- 
OMe DNA than the parental wild-type, allowing the 
possibility of further optimization and, owing to 
2'-OMe stability, potential therapeutic applications. 

The RTX RNA reverse transcriptase function 
is fundamentally distinct from that of the retro- 
element lineage. Using RT-CSR, we have altered 
the substrate specificity of a high-fidelity DNA 
polymerase, highlighting the plasticity of highly 
conserved molecular machinery. Ostensibly, the 
mutations identified unlocked molecular check- 
points in the discrimination of DNA and RNA, 
but did not disrupt the proofreading capabilities 
of the polymerase. This was unexpected, espe- 
cially given that RNA:DNA hybrid duplexes often 
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form A-helical structures unlike DNA:DNA du- 
plexes, and may provide insights into the tran- 
sition from polymerization to editing modes of 
the polymerase. 

Only a handful of mutations were required to 
impart RT activity, suggesting that the evolu- 
tionary hurdle for forming high-fidelity reverse 
transcription is relatively low. Nevertheless, all 
known retroelements use proofreading-deficient 
RTs, suggesting that high error rates are either a 
historical coincidence or an evolutionary strategy 
to promote diversity. Another possible explana- 
tion is that high fidelity was never required simply 
because RNA genomes are small as a result of 
their inherent instability (22). Given the plastic- 
ity of these polymerases for modified templates 
and the adaptability of the RT-CSR framework 
(as primers are simply programmed to contain 
modified bases), RTX evolution should be com- 
patible with many base and sugar analogs (23-26). 
Combination with previously evolved XNA poly- 
merases could enable synthesis of genomes en- 
tirely composed of artificial nucleic acids (27). 
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able enantioselectivity and is a guaranteed 
alternative to other phases with the same 
chiral selector. The 3-um particle media is 
available in analytical columns, while the 
5-um particle media is available in both 


analytical columns and Phenomenex-patented Axia preparative col- 
umn hardware, both of which are stable in normal phase, reversed 
phase, polar organic, and SFC conditions. The Phenomenex Lux 
amylose and cellulose chiral column line of six chiral selectors com- 
prise an affordable and complementary kit for chiral separations, 
featuring high efficiency, excellent loading capacity, and pressure 
stability up to 300 bar in a wide range of conditions. 


Phenomenex 
For info: 310-212-0555 
www.phenomenex.com 


Sample Tracking Rack/Reader 
Designed to improve sample track- 
ing and protection, a new barcoded 
latch rack and wireless barcode reader 
enhance Thermo Fisher Scientific’s 
broad portfolio of automated and 
semiautomated laboratory instruments 
and related consumables for secure 
sample collection and storage. Bar- 
coded tubes and racks—with both 2D 
and linear barcodes—can now be read 
with the VisionMate wireless reader. 
Unlike currently available wireless bar- 
code readers, the unit is designed to 
lay flat, allowing users to set it directly 
on the benchtop and scan tubes or 
racks without holding it. For samples 
that should not be exposed to ambient 
conditions, the reader can easily be 
used as a handheld instrument, read- 
ing samples while they remain safely 
in storage. The VisionMate wireless 
reader can read tubes in a cold envi- 
ronment, capturing and sending data 
via Bluetooth to a paired computer. 
Thermo Fisher Scientific 

For info: 800-955-6288 
www.thermofisher.com 


Small-Scale Crossflow Device 

The single-use ultrafilter Sartocon Slice 50 
is a new crossflow filter device designed 
for use in biotechnological applications, 
especially for membrane screening and 
small-volume process development. Sarto- 
con Slice 50 is offered as an encapsulated 
and ready-to-use crossflow module with a 
filter area of 50 cm? and a wide variety of 
molecular weight cutoffs. The current good 
manufacturing process (cGMP)-validated, 
self-contained unit eliminates the need for 
a compression holder and is available in 

a choice of two polymers: The Hydrosart 
membrane is a stable polymer suitable for 
a broad pH range and can be depyrogen- 
ated using NaOH at elevated temperatures. 
It is extremely hydrophilic, making it non- 
protein-binding and virtually nonfouling, 
and delivers an exceptional high flux. The 
polyethersulfone membrane, which is 
well established in the biotechnological 
and pharmaceutical industries, is a stable 
polymer that is ideal for a broad pH and 
temperature range. 

Sartorius Stedim Biotech 

For info: 800-368-7178 
www.sartorius.com 


One-Step Conjugation Kits 

New red, black, and blue 400-nm LATEX 
conjugation kits are one-step kits for the 
covalent conjugation of antibodies and 
proteins to specially treated latex beads. 
The new conjugation kits are easy to use 
and allow quick, effective conjugation of 
antibodies, proteins, and peptides to latex 
beads, potentially simplifying and improv- 
ing assay development while reducing 
development timelines. Additionally, the 
range of available colors enables multi- 
plexing and therefore maximum flexibility 
in assay design. The kits are suitable for 
development of diagnostics, in lateral 


flow assays, and across a range of other applications, and are fully 
compatible with human serum. Conjugation to latex particles using 
conventional methodology is complex, time consuming, and typi- 
cally requires extensive optimization and relatively large quantities 
of antibodies, with aggregation often a major problem associated 
with covalent conjugations, and extensive pH optimization required 
for passive conjugation techniques. 

Innova Biosciences 


For info: +44-(0)-1223-496170 
www.innovabiosciences.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 
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Dont miss the debut of 
Science Immunology. 
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Science is expanding its reach into immunology—now Be a part of the Science Immunology debut 
offering the newest online-only, weekly journal in the issue publishing Summer 2016! 
Science family of publications. Science Immunology will 


provide original, peer-reviewed research articles that Submit your manuscript today at 


Sciencelmmunology.org. 


report critical advances in all areas of immunological 
research, including studies that provide insight into the 


human immune response in health and disease. Science Immunology 
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Building a translational 
medicine powerhouse 
in China 


Those involved in translational medicine research in China 
admit that it has its challenges; but they know that their 
hard work is rewarded with the opportunity to make a real 
difference to patients. And with funding still on the rise de- 
spite a flagging economy, demand for skilled researchers 
is likely to continue to grow. That’s because the field has 
been receiving special attention from China’s central and 
regional governments in recent years. As a result, transla- 
tional medicine—defined as a partnership between basic 
and clinical research to develop new pharmaceuticals, 
devices, and other medical products—presents many op- 
portunities for researchers to build careers in biomedicine. 
By Shawna Williams 


ui Shi, the associate chief physician of orthopedic 

oncology at West China Hospital in Chengdu, 

first heard the term “translational medicine” in 

2008, when he took a temporary post in the 
hospital’s technology transfer office. Both the hospital and 
a provincial agency had put aside funds for translational 
research, and part of Shi’s new job was to help with 
presentations to hospital faculty about how to apply for 
the new grants—and how to conduct a successful project. 
In translational medicine, “the research question has to 
arise from clinical needs, and the needs of the clinic have 
to be solved by the lab,” Shi explains. “The clinic and the 
lab have to be combined, and the outcome has to be a 
new medication, a new device, or a new therapy—a new 
solution for a clinical problem.” 

A major challenge, Shi says, is that clinical and basic 
researchers tend to have their own entrenched ways of ap- 
proaching their work. To bridge the gap between bench and 
bedside, institutions like his must find ways to encourage 
the two camps to communicate with one another. 


Upcoming Features 


A culture shift 

Luming Li, who heads the National Engineering Labora- 
tory for Neuromodulation in Beijing, agrees. “Translational 
medicine research is multidisciplinary research,” he says. 
“It needs the right environment.” 

Only relatively recently has China’s central government 
made fostering that environment a priority, but the shift is 
beginning to have an impact. Members of his laboratory, for 
example, collaborate closely with surgeons, engineers, and 
basic researchers, Li says. In 2014, China’s National Devel- 
opment and Reform Commission announced plans for five 
new translational medicine research centers, where basic 
scientists and clinicians will work side by side. 

The first of these, the National Centre for Translational 
Medicine, is slated to complete construction in 2017 in 
Shanghai. With one building on the main campus of Shang- 
hai Jiao Tong University and another at the affiliated Ruijin 
Hospital, the center “will promote the merger of basic and 
clinical techniques and methods in translational innova- 
tions,” says Guang Ning, Ruijin’s deputy director. 

With 50 principal investigators and 300 beds for clinical 
trials, the center will focus on cancer as well as metabolic 
and cardiovascular diseases, he says. And to ensure that 
products make it to the market quickly, “there is enough 
space for pharmaceutical companies, and [we will] invite 
them to open their offices or laboratories in our building,” 
he adds. 

To foster an interdisciplinary environment, one trait Ning 
looks for in potential recruits is “broad knowledge and skills 
in multiple disciplines.” That advice is echoed by Yuquan 
Wei, director of the National Key Laboratory of Biotherapy 
at Sichuan University in Chengdu. “Students in clinical 
medicine who are interested in translational medicine 
should gain experience in basic research and have a strong 
background ... [in] diverse disciplines such as genomics, 
proteomics, structural biology, genetic engineering, devel- 
opmental biology, immunology, the mechanism of human 
diseases, chemistry, and materials, among others,” he 
says, adding that similarly, “students in basic research who 
are interested in translational medicine should gain some 
knowledge of clinical medicine.” cont.> 
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Shi concurs that translational medi- 
cine researchers need to build a strong 
knowledge base to succeed. “You need 
to discover the clinical needs ... you 
have to know how the lab works, and 
how basic research can provide the 
solution. At the same time you need to 
understand the basic concept of how 
to do technology transfer... [and] how 
research results could be finally trans- 
ferred into the market,” he says. 

Another critical skill, says Li, is com- 
munication. “| ask my students to visit 
hospitals and talk to patients so we can 
find how to help them,” he says. 

So far, Chinese institutions have been 
more successful at attracting basic sci- 
ence researchers with the right experi- 
ence than physician-scientists, says 
Xiao-Fan Wang, a professor of phar- 
macology and cancer biology at Duke 
University School of Medicine in Dur- 


“The clinic and the lab have 
to be combined, and the 
outcome has to be a new 
medication, a new device, 
or a new therapy.” 

— Rui Shi 


United States. Finding ways to prevent 
and treat such illnesses is a priority for 
many translational research institutions. 

Keeping product costs down is an- 
other way in which researchers seek to 
meet local needs, says Li. “We want to 
help people not only in the cities, but 
also in the [relatively poor] countryside,” 
he says. “Those patients can be very 
sensitive to price.” 

Shi recounts how his colleague Hao 
Liu, also a spinal surgeon, noted that 
imported artificial vertebral discs cost 
thousands of dollars each, so he set 
out to develop his own version. The 
resulting prototype, made by a Chinese 
company, is not only less expensive, 
but is as durable as commercially avail- 
able artificial discs and more suited to 
the average anatomy parameters of 
Chinese patients, Shi says. It is cur- 
rently in clinical trials. 


ham, North Carolina, who serves on the 

international advisory boards of two of the new translational 
medicine centers. But he notes the difference in salaries 
for physicians in the United States versus China: Accord- 
ing to a 2014 survey by the news website Phoenix Innova- 
tion, the salaries of experienced Chinese physicians range 
from $5,520 to $18,480 per year, while the news website 
Medscape found in 2015 that primary care physicians in 
the United States bring in an average of $195,000 per year, 
and specialists annually earn $284,000. As a consequence, 
Chinese labs generally “don’t have people who really have 
the expertise to set up clinical trials to withstand the scru- 
tiny of international experts when they publish their results,” 
says Wang. To cope, Chinese universities are beginning to 
develop their own equivalent of M.D./Ph.D. programs, he 
says, and are recruiting practicing clinicians domestically to 
join research teams. 

Many newer initiatives also set up their facilities so that 
basic researchers share space with medical doctors. At the 
Shanghai Institutes for Biological Sciences (SIBS) of the 
Chinese Academy of Sciences, for example, “We ask the 
[basic science] researchers ... to work in our hospital one 
day per week and talk to doctors to try to find solutions 
to clinical problems,” says Ying Mao, vice president at 
Huashan Hospital and a principal investigator and adjunct 
professor at SIBS. 


Translational medicine with Chinese characteristics 
In collaborating with colleagues from different fields to 
push innovations to the bedside, many in the translational 
medicine field see a unique opportunity to improve health 
care in China. The five new translational medicine research 
centers “really want to recruit people to target some of the 
diseases more prevalent in China,” says Wang. For ex- 
ample, he says, the incidence of stroke and certain cancers 
of the digestive system is much higher in China than in the 


Other projects seek to harness 
aspects of traditional Chinese medicine. Li, for example, 
collaborated with a doctor who is an expert in using 
acupuncture for pain control to develop an implantable 
device to mimic acupuncture’s effects. The device is 
currently being tested in animals to pave the way for 
human trials. 

Another feature of translational medicine research in Chi- 
na is the relative ease of recruiting large cohorts of patients 
for clinical trials, researchers say. “You have this enormous 
population from which to collect samples,” Wang says. “It 
is relatively easy to get a patient population big enough for 
statistical analysis.” 

And Wang says that a favorable funding environment is a 
critical element in the blossoming of translational medicine 
research. “The funding is much better now in China than in 
the United States, so a lot of young people make the tough 
decision to come back to China after training overseas, be- 
cause it’s easier for them to build up their lab,” he says, and 
he expects that trend to continue. 

Luyang Yu, a professor of cell biology at Zhejiang Uni- 
versity who worked as a postdoctoral associate and as- 
sociate research scientist at Yale from 2006 to 2012, is one 
of those returnees. In addition to his academic research, 
Yu is working to launch a startup company with three other 
scientists in Hangzhou—two of whom are friends he met at 
Yale. The company, CedarMed, is developing a test to pre- 
dict atherosclerosis earlier than previously possible, which 
could enable doctors to better prevent negative outcomes 
such as heart attacks and strokes. “We feel that Zhejiang is 
a very good environment” for biomedicine, Yu says, citing 
startup funding the company has already received from the 
central, provincial, and city governments. He has also been 
cultivating contacts in the private sector and is confident 
that the startup will have no trouble attracting investment 
once more data has been generated. cont.> 
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CHINESE ACADEMY OF SCIENCES 


The Institute of Genetics and Developmental Biology (IGDB), Chinese Academy of Sciences is a leading life science 
institution in China, and aims to address fundamental questions in modern agriculture and human health, making 
internationally recognized contributions in these fields. 


IGDB invites applicants for ten faculty positions. The appointment of all positions will be at Full Professor Level. We are 
particularly interested in candidates in the areas of genetics, crop design, genome engineering, stem cell, organ development 
and regenerative medicine, computational biology and systems biology. In addition, positions are also open for biotech IP 
management and product development. 
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Huashan Hospital 
(Chinese only) 
www.huashan.org.cn 


Nanjing Drum Tower Hospital 
(Nanjing Gulou Hospital) 
www.njglyy.com/en/index.htm 


National Engineering 
Laboratory for 
Neuromodulation 
www.neuromodulation.cn 


Ruijin Hospital 
www.rjh.com.cn/chpage/c1352 


Shanghai Institutes for 
Biological Sciences 
english.sibs.cas.cn/ 


Sun Yat-Sen University 
www.sysu.edu.cn/2012/en/ 
index.htm 


West China Hospital 
eng.cd120.com 


National Key Laboratory 
of Biotherapy 
sklb.scu.edu.cn summary/ 
?type=detail&id=3 


Zhejiang University 
www.zju.edu.cn/english 


Looking to the future 

At the meeting of the National People’s Congress in Bei- 
jing in March 2016, Premier Keqiang Li outlined the central 
government’s economic plans for the next five years, includ- 
ing a 9.1% boost in science funding in 2016, and priorities 
that include brain research, applications of genetic knowl- 
edge, and big data. The new plan “will strongly support 
translational medicine innovation in China,” says Ning. He 
adds that the government is reforming the regulatory system 
to make translational medicine research “more compliant.” 

Andy Peng Xiang, a professor at Sun Yat-Sen University 
in Guangzhou, credits what he sees as accelerated progress 
in translational medicine research over the past decade not 
only to government funding but also to changes at universi- 
ties and with researchers themselves. As he explains it, “A 
lot of universities in mainland China have formulated special 
policies to help their faculties accelerate the translation of 
basic research findings into practice or products,” such as 
establishing centers that put “researchers, doctors, and pa- 
tients under one roof,” and encouraging collaboration with 
industry. And more researchers have become interested in 
the field as a way of directly benefiting patients, he adds. 

China is not building its translational medicine capabil- 
ity from scratch, however; some internationally recognized 
researchers there have been doing strong work in the field 
for decades. Among them is Lingyun Sun, a professor of 
medicine at Nanjing Drum Tower Hospital. Sun has been 
exploring the possibility of transplanting stem cells since 
the late 1990s, and for the past 15 years has studied the 
question of whether so-called allogeneic mesenchymal 


stem cells (MSCs) can effectively treat autoimmune dis- 
eases such as lupus. With approximately 700 patients 
treated in clinical trials, MSCs are showing great promise, 
he says. The project has thus far attracted about US$10 
million in funding from pharmaceutical companies and 
from national and local governments. 

The five translational medicine centers planned by the 
National Development and Reform Commission are part 
of a movement toward strengthening the connection be- 
tween bench and bedside, says Wang. The National Cen- 
tre for Translational Medicine in Shanghai will be joined 
in a few years by two Beijing institutes, one for geriatrics 
and another for rare and refractory diseases: the Transla- 
tional Science Center for Molecular Medicine at the Fourth 
Military Medical University in Xi’an, which will focus on 
precision medicine and cancer; and the National Transla- 
tional Medicine Center for Biotherapy, part of the National 
Key Laboratory of Biotherapy in Chengdu. The latter will 
boast some 500 faculty members when it opens in 2018 
or 2019, working in nearly 180,000 square meters on the 
main and medical campuses of Sichuan University, says 
Wei. Wei adds that the new center’s emphases will include 
gene therapies, vaccines and other immunotherapies, 
monoclonal antibodies and engineered T-cells, stem cells 
and regenerative medicines, and synthetic and natural 
small-molecule drugs, and that it will “establish a whole 
key technology chain from genomics to the research and 
development of innovative drugs, pilot-scale production, 
preclinical safety evaluations, clinical trials, and clinical 
treatment, all in a single institute.” 

Moreover, the Translational Science Center for Molecu- 
lar Medicine, funded with an initial investment of more 
than US$125 million, will aim to answer research questions 
such as how biological signals are regulated and what 
molecular mechanisms lie behind inflammation-linked 
diseases and cancer, says its director, Zhinan Chen. He 
expects the new center, which will boast state-of-the-art 
instruments, to rank among the top international transla- 
tional medicine research centers. 

Even under the best of circumstances, researchers say, 
translational medicine is challenging. Asked for his advice 
for younger researchers, Sun says, “It is essential that they 
should overcome many difficulties and challenges, even 
failure, before realizing successful translational medicine in 
the clinic.” His team, for example, spent seven years run- 
ning animal studies to clarify issues such as whether MSC 
transplantation is safe, the optimal type of stem cell for 
transplantation, and correct dosage and timing; and evalu- 
ating long-term effectiveness before clinical trials could 
begin, he says. 

But for those who persevere, the rewards are great, says 
Xiang. “Although translational medicine is time-consuming 
and challenging research, most of the time | do enjoy the 
process,” he adds. 


Shawna Williams is a freelance writer based in Baltimore, Maryland. 
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THE ONSAGER FELLOWSHIPS 


11 tenure-track positions available at NTNU 


The Norwegian University of Science and Technology [NTNU] is Norway’s primary institution for 
educating scientists ahd engineers for the future. The university also has strong programmes across 
a range of academic fields, including the social sciences, teacher education, the arts and humanities, 
medicine and health sciences, architecture and fine art. NTNU’s cross-disciplinary research delivers 
creative innovations that have far-reaching social and economic impact and help to create a better 
world. Two of NTNU’s researchers were named Nobel Laureates in 2014. 


The Onsager Fellowship programme at NTNU is designed to attract the most talented scholars 
with an established reputation for high-quality research and a commitment to learning and teaching 
at the university level. 


APPLY FOR A TENURE-TRACK POSITION AS AN ASSOCIATE PROFESSOR IN: 


¢ Complex analysis e Political communication 
e Integrated Power and Energy Systems e Psychopathology and development 
e Fluid mechanics e Modern Political and Economic History, 1870-2000 
e Risk-based marine systems design e Biostatistics 
for Arctic operations e Experimental environmental toxicology 


¢ Operations research in 
maritime transportation More info at: www.ntnu.edu/onsager-fellowship 


¢ Public and/or urban economics Application deadline: 2 September 2016 
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Senior Faculty Leadership Position in Immunology at 
Fred Hutchinson Cancer Research Center 


The Vaccine and Infectious Disease Division (VIDD) of the Fred Hutchinson Cancer Research Center 
seeks exceptional applicants for a full-time senior faculty leadership position in immunology at the Full 
Member rank (comparable to Professor). The primary responsibility of this position will be to develop and 
lead a comprehensive, cross-disciplinary integrated research center (IRC) involving multiple investigators 
that will focus on pathogen-induced cancers. The candidate will be expected to conduct laboratory-based 
translational immunology research as part of this IRC and within VIDD, and an emphasis on mechanisms 
of memory/effector cell induction and immune dysfunction in the context of cancer or cancer-associated 
infections is highly desirable. 


Candidates for this position must have a well established, robust, funded program that is nationally and 
internationally recognized for excellence in immunology, immunotherapeutic design, or viral oncogenesis. 


Applicants must have an MD (or foreign equivalent) or PhD (or foreign equivalent). Selection criteria include 
excellence in scholarship, creativity in research, and demonstrated leadership in the profession. 


VIDD scientists integrate clinical care, computational methods, and basic science research in immunology, 
virology, and vaccine design to reduce the global burden of infectious disease. 


The Fred Hutchinson offers a vibrant intellectual environment within a beautiful, lakeside campus in 
Seattle’s South Lake Union biotech hub. VIDD occupies a new building that is connected by walking trails 
to Seattle Cancer Care Alliance and the other four Divisions of the Fred Hutch and by trolley to major 
research partners such as the University of Washington School of Medicine, Seattle Children’s Research 
Institute, Center for Infectious Disease Research (formerly Seattle Biomedical Research Institute), and the 
Infectious Disease Research Institute. 


Interested candidates should submit a CV, a concise research plan statement, and the names and contact 
information for three (3) references to: fredhutch.org/job/6653. Specific inquiries can be directed to Julie 
McElrath at 206-667-1858. Applications should be received by August 15, 2016 to assure consideration 
and will be evaluated as received. 


The Fred Hutchinson Cancer Research Center is an Affirmative Action, Equal Opportunity Employer. 
All qualified applicants will receive consideration for employment without regard to, among other 
things, race, religion, color, national origin, sex, age, status as protected veterans, or status as qualified 
individuals with disabilities. We strongly encourage applications from women, minorities, individuals 
with disabilities and covered veterans. 


UCDAVIS 


Department Chair and Professor of Plant Sciences 


The University of California, Davis College of Agricultural and Environmental Sciences is pleased 
to announce an open recruitment for a tenured professor and chair of the Department of Plant 
Sciences (http://www.plantsciences.ucdavis.edu). The department portfolio covers a broad array of 
research and extension activities in the areas of ecology, genetics, and physiology of agricultural and 
natural systems in California, the U.S. and abroad. The department has a large effort in cooperative 
extension programming and mission-oriented research activities consistent with the CA Agricultural 
Experiment Station. 


Criteria for appointment: a Ph.D. in plant sciences or a related discipline, a record of excellence in 
scholarly research in plant sciences that aligns with the interdisciplinary foci of the department, and 
demonstrated ability to establish a competitively-funded research program. The candidate is expected 
to have a record of strong teaching/mentoring of undergraduates and graduates, and evidence of 
strong outreach and stakeholder engagement experiences. Administrative experiences and skills 
are expected commensurate with the capacity to chair a large and diverse unit of faculty, students 
and staff. 


Applicants should submit materials via the following website: http://apptrkr.com/829458 


Additional inquiries should be directed to Search Committee co-chairs Ed Lewis eelewis@ucdavis.edu 
or Jeffrey Ross-lbarra rossibarra@ucdavis.edu. 


The position will remain open until filled but to ensure consideration, applications should be received 
by August 31, 2016. 


The University of California, Davis, and the College of Agricultural and Environmental Sciences are 
interested in candidates who are committed to the highest standards of scholarship and professional 
activities, and to the development of a campus climate that supports equality and respect for 
differences based on gender, cultural ethnicity, level of disability, and sexual orientation. UC Davis is 
an affirmative action/equal employment opportunity employer and is dedicated to recruiting a diverse 
faculty community. We welcome all qualified applicants to apply, including women, minorities, veterans, 
and individuals with disabilities. EOE 


Pharmacology & Therapeutics 
Faculty Position 


Roswell Park Cancer Institute 


Roswell Park Cancer Institute (RPCI), an 
NCI-Designated Comprehensive Cancer 
Center in Buffalo, NY, invites applications 
for individuals at the Assistant Professor 
level in the Department of Pharmacology and 
Therapeutics. The mission of the department 
is to identify and develop novel anti-cancer 
therapeutics. The department currently 
consists of more than a dozen faculty studying 
genetic mechanisms of tumor initiation 
and progression, biochemical mechanisms 
of cell death, drug response and steroid 
hormone receptor actions, cancer stem cells, 
noncoding RNAs, and epigenetic mechanisms 
in cancer. Outstanding candidates with strong 
training and publication track records are 
encouraged to apply. Candidates can work in 
the areas that complement the departmental 
current research and in areas of metastasis, 
drug resistance and drug development, 
pharmacogenomics, and chemical biology. 
Applicants will be selected based on a 
track record of research excellence, ability 
to develop a robust basic or translational 
cancer research program, and the potential 
for sustained peer-reviewed funding. The 
successful candidate will be expected 
to participate in an NCI T32-supported 
Ph.D. training program, administrative 
responsibilities of the department and 
institute, disease site working groups, and 
the RPCI Comprehensive Cancer Center 
core grant (CCSG) programmatic activities. 
Applications will close by July 31. 


RPCI, the nation’s first cancer center founded 
in 1898, has made fundamental contributions 
to reducing the cancer burden and has 
successfully maintained a leadership role in 
setting national standards for cancer care, 
research, and education. Laboratory space 
will be located in a modern 300,000 square 
foot Life Sciences Complex, which includes 
a new Center for Personalized Medicine 
with capabilities for state-of-the-art genomic 
analysis in a CLIA certified laboratory 
and the NY State Center for Excellence in 
Bioinformatics. In this multidisciplinary 
research environment, the successful 
candidate will have access to numerous 
additional core facilities, the opportunity 
to interact with scientists and clinicians 
from many programs and departments, 
and the ability to conduct patient-oriented 
translational research in collaboration with 
clinicians. The successful candidate will 
receive a competitive start-up package and 
salary commensurate with their experience. 


Candidates should e-mail their CV, a brief 
research statement (3-5 pages), and the names 
of 3 references to: David Goodrich, Ph.D., 
Chair, Search Committee, c/o Ms. Susan 
Bechtel, Department of Pharmacology and 
Therapeutics, Roswell Park Cancer Institute: 
Susan.Bechtel@Roswellpark.org 


Roswell Park Cancer Institute is an 
Affirmative Action/Equal Opportunity 
Employer. 
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Register for a free online account on 
ScienceCareers.org. 


Search thousands of job postings and find 
your perfect job. 


Sign up to receive e-mail alerts about job 
postings that match your criteria. 


Upload your resume into our database and 
connect with employers. 


Watch one of our many webinars on 
different career topics such as job 
searching, networking, and more. 


Download our career booklets, including 
Career Basics, Careers Beyond the Bench, 
and Developing Your Skills. 


Complete an interactive, personalized 
career plan at “my IDP.” 


Visit our Career Forum and get advice from 
career experts and your peers. 


Research graduate program information 
and find a program right for you. 


Read relevant career advice articles from 
our library of thousands. 


SCIENCECAREERS.ORG 


Careers 


FROM THE JOURNAL SCIENCE TAYAAAS 


WILL YOUR RESEARCH 
LEAD TO BETTER LIVES 


FOR PATIENTS? 
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Translational Medicine 


INTEGRATING SCIENCE, ENGINEERING, AND MEDICINE 


PN AAAS 


Find out more about the scope of the journal and submit 
your research today. ScienceTranslationalMedicine.org 


Parasites & 
Insectes vecteurs 


Institut Pasteur: 


NEW JUNIOR FACULTY RECRUITMENT IN 
PARASITOLOGY AND INSECT VECTOR BIOLOGY 


The Department of Parasites and Insect Vectors (https://research. 
pasteur.fr/en/department/parasites-and-insect-vectors) is selecting 
outstanding Junior Group Leaders* to postulate for a faculty position 
at the Institut Pasteur — Paris. All aspects of parasitology and insect 
vector biology including both laboratory and field based research will 
be considered and candidates with ambitious and original research 
projects are strongly encouraged to apply. 


A highly attractive package matching the experience of the successful 


candidate will be provided, including salaries for the successful 
candidate and scientific staff (technician, post-doctoral fellows), a 
substantial contribution to laboratory equipment and to annual running 
costs, as well as support for relocation expenses. In addition, Institut 
Pasteur provides access to state-of-the-art technology platforms and 
to laboratories and research infrastructure in disease-endemic regions 
through the Pasteur International Network. 


Potential candidates should communicate directly with the department 
by sending a letter of intent, brief research statement and CV by 31 
August 2016, addressed to parasitology@pasteur.fr. Full applications 
will be requested from selected candidates in fall 2016, short-listed 
candidates will be invited for interviews in early 2017 and decisions 
will be announced by mid 2017. 


* Institut Pasteur is an equal opportunity employer. Junior group leaders 
should be less than 8 years after PhD at the time of submission. Women 
are eligible up to 11 years after their PhD if they have one child and up 
to 14 years after their PhD if they have two or more children. 


SCIENCE & DIPLOMACY 


A quarterly publication from the AAAS Center for Science Diplomacy 


SCIENCE & DIPLOMACY 


provides an open access forum for rigorous 
thought, analysis, and insight to serve 
stakeholders who develop, implement, or 
teach all aspects of science and diplomacy. 
Learn more about the latest ideas in science 
diplomacy and receive regular updates by 
following @SciDip on Twitter, liking the 
quarterly’s page on Facebook 


(www.facebook.com/sciencediplomacy), 


and registering for free at 


www.sciencediplomacy.org/user/register. 
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WORKING LIFE 


By Sarah Fankhauser 


1606 


A winding path to satisfaction 


hen I speak with my students about their future careers, it is clear that many feel there is 

only one path to success and that any deviations will be catastrophic. My own academic 

path might seem to support this belief. On the surface, it appears quite linear: undergrad, 

grad student, postdoc, faculty member. But if you look deeper, you will see the series of 

roadblocks and revised plans that led me to where I am today. Using my own experience 

as an example, I try to convince students not to fear bends in the road. In fact, these devia- 
tions often help us develop, both as scientists and as people, and lead us to our true passions. 


When I started my undergraduate 
studies, I had wanted to be a medi- 
cal doctor for as long as I could 
remember. I dutifully took my pre- 
med prerequisites and fluffed my 
resume with medical-related activi- 
ties that were interesting but didn’t 
inspire me. During my second year 
of college, everything changed. I 
took a microbiology course and 
became fascinated with bacteria— 
and with the way that research- 
ers studied them. I more or less 
begged the professor to let me join 
his lab, and I soon became hooked 
on research life. 

As I got close to graduating, I 
started thinking about how I could 
make research part of my long-term 
career. I was terrified by the thought 
that my many years of methodical 
planning for a medical degree would 
be for naught, and I had no idea if I was properly prepared 
to pursue a Ph.D. But my passion for research trumped my 
insecurities, so I applied to several schools. I received one 
stinging rejection—but also a few acceptances. After delib- 
erating for a while, and convincing my parents that chang- 
ing my career path was not the end of the world, I enrolled 
in a Ph.D. program. 

My road was set again. I would get my degree in 4 years 
(maybe 5), do a postdoc, and become a professor at a re- 
search-intensive university. Everything was falling back 
into place—or so I thought. 

My first 3 years of grad school were rough, to say the 
least. I enjoyed the science, but I didn’t feel I was on the 
path to becoming a thoughtful, independent researcher. I 
wondered whether going to grad school had been a mis- 
take, and I found myself again struggling with the possibil- 
ity of leaving a path in which I had invested significant time 
and energy. After much soul-searching, I decided to stay in 
grad school but move to a different lab. I found a fantastic 


“Instead of pursuing the ... 
track I had initially planned 
on, I shifted my outlook.” 


mentor who gave me the freedom 
to make mistakes, self-correct, and 
grow as a scientist. And I did get my 
Ph.D.—in about 6 years, not the 4 or 
5 I had initially expected. 

My struggles made me realize the 
importance of good advisers and 
teachers, and I found that I wanted 
to play the role of enthusiastic men- 
tor myself. So, when I finished my 
degree, instead of pursuing the 
high-powered research track I had 
initially planned on, I shifted my 
outlook once again and applied for 
college teaching positions. But a 
dearth of responses stimulated me 
to pursue a different kind of teach- 
ing opportunity: a postdoc position 
with a microbiologist who is also 
a dedicated educator. Fortunately, 
she was willing to take a chance on 
me and my less-than-stellar publi- 
cation record and to support my desire to teach, so I re- 
adjusted my trajectory once more. I meticulously crafted a 
5-year plan that included a research project, a strategy to 
improve my publication record, and some teaching at the 
graduate level. I even bought a house nearby. 

Then, less than a year into my postdoc, a job announce- 
ment caught my eye. It was for a tenure-track position fo- 
cused on teaching, where I could also pursue research with 
undergraduates. I wasn’t sure I was ready, but I knew I 
couldn’t pass it up. Exactly 1 year after starting my postdoc, 
I got the job, and I absolutely love it. 

Is my story complete? Nowhere near. And as it contin- 
ues to unfold, I know that I will need to be flexible and 
remain open to the interesting, unexpected possibilities 
that arise. © 


Sarah Fankhauser is an assistant professor of biology at 
Oxford College of Emory University in Georgia. Send your 
story to SciCareerEditor @aaas.org. 
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